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PREFACE. 



At the request of the Publishers, Mr. Edward Tomkins, who 
had written on the same subject in their Elementary Series, 
undertook the preparation of this work, and had been engaged 
upon it for a considerable time, when he was interrupted hj 
ill health. This illness, which eventually rendered necessary a 
dangerous surgical operation, did not prevent him from giving 
what strength he had left to the completion of the work he 
had taken in hand. To the regret of all who knew him, 
however, and in spite of all that care and skill could do, his 
life was suddenly cut short, just as this work was nearly 
finished. 

The MSS. and Drawings were then placed in the hands 
of the present Editor, who found the plan of the work so 
clearly and distinctly laid down, that to follow it was com- 
paratively easy. 

His task has been to see the work through the press, to 
endeavour to supply details which seemed to have been left 
for further search or information, and so far as he could to 
correct errors, and verify references, and at the same time 
add to the articles, plates, and figures, necessary for the 
completion of the original plan. 

Those who have had to deal with the unfinished MSS. of 
others- can understand some of the difficulties of thfi t^&k. 
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imposed on the Editor, while from those who have been 
fortunate enough not to be so situated the Editor claims 
indulgence, as he has used his utmost ability to minutely 
carry out Mr. Tomkins' plan, not only as a matter of honesty, 
but because the more he studied it, he conscientiously believed 
it to be the best for the purpose for which the book was 
designed. 

Accompan3dng the work are a number of Plates; it is 
hoped that these will not only illustrate the various points 
discussed in the body of the text, but supply good Drawing 
Copies for advanced Students in Science and Art Classes. 

Teachers using the diagrams for class instruction, are 
earnestly advised not to employ them as mere copies, but to 
give either " plan " or " elevation " on the black-board, and 
then request from the student a drawing of the elevation or 
plan, or else to give a general description of the object, 
accompanied by a rough sketch and proper dimensions, 
and then require a worked drawing of the object chosen. 

Notwithstanding the peculiarly adverse circumstances 
under which this work has been produced, the Editor and 
Publishers, knowing the marked ability of the Author, and 
the success of his Elementary work, confidently commend 
the present volume to the public 



March, 1878. 
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CHAPTER L 
SECTION I. 

DRAWING APPARATUS* 

1. Drawing Apparatn8.^The student should possess a 
drawing-board, a T-square, two set-squares, a box of instru- 
ttents, dmwing paper, a rule, scales, india-rubber, drawing 
pins, and pencfls, for machine construction ajud drawing. 

The size of the drawing-hoard will depend upon the kind 
of work which the student has to execute; the first of the 
following sizes will be sufficient for ordinary private practice, 
but for drawing-office purposes the largest size will be required, 
and often a still larger size : — 2 ft. x 1 ft« 6 in.; 2 ft. 4 in. x 
1 ft. 9 in.; 3 ft. 6 In. x 2 ft. 6 in. 

The T-aquare should have a blade not shorter than the 
long edges of the drawing-board, see fig. 8, and for general 
use the stock and blade should be permanently fixed together. 
In some cases it is convenient to have a T-square with a 
movable stock, so that lines not parallel to the edges of the 
board may be drawn by means of it. 

The set-aquarea should have the 
ansles shown in fiirs. 1 and 2 ; the 
onf represented in fig. 1 Rhoald have 
its shortest edge not less than 4 in., 
and that in Hg* 2 its short edges not 
less than 5 in. Kg. 1. Fig. 2. 

2. The box of instruments should contain at least the 
following : — A pair of dividera, a set of large compasses with 
lengthening bar and with pen and pencil legs, small pen and 
pencil bows, a drawing pen, and a protractor. In additiorL 
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to these there may be added with advantage a smaller set of 
compasses with pen and pencil legs, a small sized drawing 
pen, small spring pen and pencU bows, spring or hair dividers, 
and proportional compasses; the last are extremely useful 
for making drawings of an enlarged or reduced size. In 
addition to the instruments named there are others in use, 
but as they are of a special character and only used in certain 
cases, we shall not enumerate them here. Instruments with 
needle points are the best, but the needle should have a 
shoulder or collar upon it to prevent it making too large a 
hole in the paper. 

3. The dratjoing paper, used both as regards size and quality, 
must depend upon circumstances; for ordinary practice cart- 
ridge drawing paper may be used, it can be obtained in sheets 
of various sizes and in rolls. The kind of paper generally 
used for office work and shaded drawings is double elephant^ 
of which there are two kinds, smooth and rough; the former 
is the best for fine-lining and shading The following table 
gives the names and sizes of the sheets of drawing paper in 
general use; the sizes may be found to vary a little : — 



TABLE L 
Sizes of Dbawing Paper. 



Antiquarian, 

Double Elephant, 

Atlas, 

Imperial, 

Elephant, 

Koyal, 

Medium, 

Demy, 



4 ft. 4i in. X 2 ft. CJ in. 



3 



>« 



)) 



a 



tt 



»» 



it 



it 



4 „ x2 „ 2i , 

94 „ x2 „ 2 , 

6 „ xl „ 9 , 

4 „ X 1 „ 104 , 

„ X 1 „ 74 , 

10 „ X 1 „ 54 , 

8 ») X 1 ,, 34 ) 



Cartridge can be obtained in sheets 4 ft. 6 in x 2 ft. 3 in., and in rolls 

4 ft. 9 in. or 4 ft. 4 in wide. 

4. The drawing pencils to be used must depend upon the 
kind of drawing the student is engaged upon ; the best for 
ordinary use are those marked H, for fine work HH, and for 
very fine work HHH. For sketchiiig and ordinary freehand 
work those marked F or HB are to be used. The pencils to 
be used with the squares should have a fiat chisel-point, as 
jshown in figs. 3 and 4 ; the broad side to be kept in contact 
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with the square, while those for sketching, etc., should have 
the ordinary conical or round point. 
The flat chisel-point will last a consider- 
able time compared with the ordinary 
round point; we advise the beginner 
to be very careful in sharpening his 
pencils. After cutting the pencil with 
a knife it may be flmshed for use by 
rubbing it upon a smooth file or a piece 
fine sandpaper; and a finer point still 
may be got by rubbing it upon a piece 
of drawing paper. 

5. JDravnng pine may be used for 
fastening the paper to the board if Fig. 3. Fig. 4. 

the drawing is not very elaborate, or if it is t3 remain 
upon the board for a few days only; but if it is to be 
coloured or shaded, then it should be stretched and fixed 
with glue or gum; see articles on working and finished 
drawings. 

Fine vulcanised india-rubber is the best for ordinary use, 
but if the drawing is to be coloured the common dark Idnd 
should be used. In all cases, the indiarrubber should be used 
as little as possible, since by too frequent rubbing the paper 
becomes rough and more liable to get dirty. 
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STANDARDS OF MEASURE. 

6. British Standard. — ^The dimensions of a machine are 
expressed in terms of a certain standard. In Great Britain 
the foot is the standard, the one-third of the standard yard, 
which is the distance at the temperature of 62° Fahrenheit, 
between two marks on a certain bar of platinum kept in the 
office of the exchequer. The standard foot is divided into 
twelve equal parts, called inches; these are subdivided into 
2, 4, 8, 16, 32, etc., equal parts, and termed respectively 
JuUves, quarters, eighths, sixteentlis, thirty-seconds^ etc., denoted 
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^7 h h h tV> A> ®*^'> ®^^ ^®^ subdivision being one-half 
of the preceding. 

The instrument used for taking dimensions is termed 
a rule, and the common " two-foot " is the one in general 
use. The " two-foot rule " consists of two pieces of Wood or 
metal, each one foot long, which are jointed together for 
convenience; the ordinary form is represented in fig. 5, 
which shows a small portion of the rule with the above 
subdivisions. 



1 



m 



lLl 



cHn 



'''■''■'■'' 



m 



2 



inn 



jlJjl 



3 



Kg. 5. 

7. The decimal rule is used in some engineering establish- 
ments, and will in all probability come into general use 
before many years are past, as it possesses advantages which 
the one now more commonly, used does not; we therefore 
describe it, and add, for convenience of reference, a couple 
of tables of decimal equivalents of inches and fractions of an 
inch ; see Tables 11. and III. 

In the decimal rule the inch is taken as the standard, and 
there are ten inches in each half of the rule, instead of twelve, 
as in the "two-foot;" each inch is divided into ten equal parts, 
these are again subdivided into hundredths, thousandths, etc. 



1 



2 



3 



nml 



iiiiiiiiiiiiiimii 



Fig. 6. 

Fig. 6 represents a portion of the decimal rule, upon which 
is shown inches and tenths of an inch, the latter are divided 
into two equal parts representing *5 of a tenth of an inch, or 
'05 of an inch. 
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TABLE II. 

Decimal Equivalents of Fractions or an Inch. 
One Inch taken as Unity. 



Fractions 


Decimals 


Fractions 


Decimals 


Fractions 


Decimals 


Fractions 


Decimals 


of an 


of an 


of an 


of an 


of an 


of an 


of an 


of an 


Inch. 


Inch. 


Inch. 


Inch. 


Inch. 


luoh. 


Incti. 


Inch. 


V* = -01662 


J = -25 


i = -6 


i = -76 


A = -03125 


A = -28126 


^ - -63126 


n = -78126 


tV = -0625 


^jf = 3126 


Vt = -6625 


H = -8126 


A = -09375 


H = -34376 


U = -59376 


1^ = -84375 


i = -125 


1 = -375 


f = -625 


i = -876 


T,V = -15626 


51 = -40626 


U = -66626 


U = -90626 


A = 1875 


A = -4375 


H = -6876 


H = -9375 


A = -21876 


M = -46875 


U = -71876 


H = -96876 



TABLE III. 

Decimal Equivalents of Fractions of an Inch and of a Foot. 

One Foot taken as Unity. 



Fractions 

of an 

Inch. 



Decimals 

of a 

Foot. 






•002604 
•005208 

-010416 

•02083 

•03125 



Fractions 
of an 
Inch. 



Decimals 
of a 
Foot. 



i 

1 



-04166 
•06208 
•0625 

•072916 
•08333 





Decimals 




Decimals 


Inches. 


of a 


Inches. 


of a 




Foot. 




Foot. 


2 = 


-1666 


7 = 


= •5833 


3 = 


•25 


8 = 


= 6666 


4 = 


•3333 


9 = 


I 75 


5 = 


•4166 


10 = 


I 8333 


6 = 


•5 


11 = 


= ^9166 



8. The measure of area is the square (rich; sometimes the 
square foot is employed, which contains 144 square inches. 

The mea^sure of volume, or solid measure, is the cubic inch; 
sometimes the cubic foot is employed, which contains 1728 
cubic inches. 

The meojsure of weight is the avoirdupois pound, which 
contains 16 ounces = 256 drams = 7000 grains; sometimes the 
ton is employed, which contains 2240 such pounds. 

9. French Standard. — In France, Belgium, and some 
other Continental couDtries, the metre is the standard measure 
of length; the metre is equal to 39-3704 British inches, and 
is divided into decimeti-es^ centimeti'es^ and millimetres. The 
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following are the Biitith equivalent values of the divisions 
of the metre expressed in decimals : — 

Of the Metre. In British Inches. 

(MilKmetre, O-QOl 0-0393 

Tj,_„^^_ 1 Centimetre, 001 03937 

*"^^°- 1 Decimetre, 01 3-9.370 

( Metre, 1- 393704 

The measures of area are the square millimetre, centimetre, 
decimetre^ and metre. The square metre contains 100 square 
decimetres = 10,000 square centimetres = 1,000,000 square 
millimetres. 

The m,ea8ures of volume are the cuihic millimetre, centimetre, 
decimetre, and m^tre. The cubic metre contains 1000 cubic 
decimetres = 1,000,000 cubic centimetres = 1,000,000,000 
cubic millimetres. 

The m^easure of weight is the kilogramme, which is equal to 
2*20462125 avoirdupois pounds. 



SECTION IIL 

CIRCUMFERENCE OP A CIRCLE — NOTATION AND SIGNS. 

10. Circamference of a Circle. — The circumference of a 
circle is often required for calculations and for drawing pur- 
poses, we therefore give examples showing how it should 
be found. 

I. By calculation. — ^The circumference of a circle expressed 
in terms of its diameter is an incommensui-able ratio usually 
denoted by the Greek letter w. The approximate value of 
this ratio generally used is 3*1416; that is, the circumference 
is taken as 3*141 6 times the diameter. Let D = the diameter, 
then the circumference = ^ D ; where ir is the constant, and 
J) the variable. 

Example, — Let D = 3*5"; find the circumference. 

Circum. = irD 

= 3-1416 X 3*5" 
= 10*9956 inches. 

The following is a list of other approximations used, 
together with their errors; the values are in each case in 
excess of the true value: — 
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Value of r 
3-141593.. 



3-1416. 



Error (about) 
1 

"'9,000,000 
1 



'400,000 



Value of 
355 

113 ' 

22 

7"' 



Error (about) 
1 

"13,000,000 
1 



2500 



II. By Chords, — In some of the constructions in this book 
^e have given an approximate, as well as a correct, method 
of setting out the circumference of a circle. The approximate 
method is that of substituting for an are the corresponding 
cliord of the circle; if the arc taken is small, the error intro- 
duced by this substitution will also be smalL The circum- 
ference of a circle expressed in terms of its radvua is denoted 
by 2 TT, where ir equals the ratio before stated. 

Let r=the radius, then 
2irr— the circumference. 

In ^^, 7, ABD is a circle, AC and BC are radii; AB is 
the chord subtending the angle ACB, and AFB is the cor- 
responding arc. The angle ACB is 
bisected by CF, and therefore the chord 

AE 
AB is bisected in E. The ratio xn is 

the siTie of the angle ACE ; the chord 
AB is equal to twice the sine of half the 
angle ACB. By means of a table of 
sines the value of AE, and therefore of 
AB, can be found for any given angle. ^ig. 7. 

11. The following table gives the circumference as deter- 
mined by chords of different length : — 

TABLE IV. 

CmCUMFERENCE OF A CiRCLB BY CHORDS. 




No. of Choids. 


(1) 

Valneof 2ipby 

Calculation. 


(2) 

Value of 2 IT by 

Chorda. 


(3) 
DilTerenoe, or 

(1) - (2). 


Error. 


48 

24 

12 

6 


6*2832 
6-2832 
6-2832 
6-2832 


6-2784 
6-2648 
6-2116 
6-0 


0-0048 
0-0184 
0-0716 
0-2832 


it 
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The foregoing table gives also the difference and the error 
existing between the results obtained by the method of 
calculating by arcs and that by chords; the radius r is taken 
as unity. 

12. The use of Table IV. can be best explained by a few 
examples : — 

Examples. — 1. Suppose we have a circle of 2 inches diameter 
and divide it into 24 equal chords ; if now we set off one of 
these chords 24 times along a straight line, the length of that 
line will be 6 '2648 inches, from column (2); the calculated 
value is 6*2832 inches. In this case column (3) shows the 
error in the decimal of an inch, which is 0*0184, because the 
radius is unity ; and column (4) gives the error as a fraction 
of the whole circumference, viz,^ ^y of 6*2832 inches. 

2. If the nidius is not unity, the error can be found as 
follows : — Multiply the number in column (3) corresponding 
to the number of chords by the radius, and the product is 
the error in decimals of an inch. 

13. Notation and Signs. — ^The following notation and signs 
are in common use: — For description of the kind of lines 
employed, see Art. 18, page 19. For dimensions — one accent 
over a number, as 2', denotes feet; and two accents, as 6'' 
denotes inches; thus V OJ'', means one foot and a quarter of 
an inch. 

The sign of equality is represented by - - - = 

,, addition, or "plus," by , , , + 

„ subtraction, or "minus," by - - - - 

,, multiplication by x 

The ratio 3*1416 : 1 is represented by - - - v 

Degrees, — A small circle over a number denotes degrees ; 
thus 45° means 45 degrees. 



SECTION IV. 

THE DRAWING OF LINES — VARIOUS KINDS OF LINES USED. 

14. The Drawing of Lines. — For the present we shall 
confine our remarks to the drawing of pencil lines; the 
inking-in of drawings will be considered later on, under the 
lieadin^ of working and finished drawings. However, as 
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engineering drawings are generally^' put in'' in ink, the student 
should Tead that portion of the subject and practise inking-in 
as soon as circumstances permit 

The pencil lines should be fine and made with as little 
pressure as possible, consistent with clearness, because if too 
much pressure is used those portions of the pencil lines which 
are not covered with ink will leave impressed marks upon 
the drawing after the black-lead has been removed, and thus 
tend to disfigure the drawing. 

All lines should be drawn from left to right, and should 
be made sufficiently long at first so as not to require produc- 
ing ; this is advisable on account of the time saved, and also 
because the lines will be more accurate, as the lengthening 
of lines tends to cause a break in their continuity. Of course 
there is a limit to the practical carrying out of this, otherwise 
a pencilled drawing would be an unintelligible mass of lines; 
and it is only by practice the student will be able to keep 
within the limit, but if he adopt a right method at the 
commencement with simple objects, he will have little diffi- 
culty with more elaborate ones. We will now give a few 
hints that may be useful to the beginner. 

15. Lines parallel to the long edges of the drawing board 
should be drawn with the T-square, and also lines at right 
angles to these, if longer than an edge of the set-square. 
Fig. 8 shows the T-square in position for drawing such lines. 

n 



i: 



,4^ 



rzTJim 





Fig. 8. Fig. 9 

Fig. 9 shows how the set-squares are used with the T-square 
for drawing lines at the same angles with the T-square as 
those of the set-square employed. Parallel lines, which are 
not parallel to the sides of the board, may be drawn by using 
the T and set-squares, or by means of two set-squares, as in 
fig. 10 ; this method is preferable to that of using a parailol 
2 n 
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ruler, as there is less liabilitjr to error. Lines at right angles 
to each other, whatever may be their position with respect to 
the sides of the drawing board, are best drawn by reversing 
the set-square after having drawn one of the lines ; thus, in 
fig, 1 1, ab is first drawn, and then the set-square is reversed, 






Fig. 10. Fig. 11. Fig. 12. 

as shown in dotted lines, and cd drawn, which is at right 
angles to a6. , The lines may also be drawn as shown in 
fig. 12, but they, will not be as long, if drawn with the same 
set-square, as those in the previous example. 

16. Lmes inclined to a given line at an angle which is not 
one of the angles of the set-squares are to be set off by means 
of a protractor, which is a semicircular piece of horn, brass, 
or electrum, upon which the degrees are marked; protractors 
are also made of a rectangular form on six-inch scale rulers, 
and these are generally the most convenient. The manner 
of using the, protractor is explained thus : — Let AB, fig. 13, 

be a given line, and C 
'^ the point in this line 
through which the re- 
quired line is to pass; 
suppose it is required to 
draw a line inclined 
downwards from right 
Fig. 13. to left at an angle of 

40^. Place the centre of the protractor P upon the point C 
in AB, and let its diameter coincide with AB ; then count 
from B upwards the required number of degrees, as 40, and 
make a mark at a with a fine pointed pencil. Remove 
the protractor, and from C through a draw the line CD, 
which is the line making the required angle. If the line 
is required to slope in the opposite direction, as CE, then 
the number of degrees must be counted from A upwards. 
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Pi-otractors generally have the degrees marked in both 
directions. 

Circles and arcs of circles are to be drawn with the 
bow pencil, the pencil of which should be cut in a similar 
manner to those used with the squares, as shown in figs. 3 
and 4. 

17. Curved Lines are often required, for which arcs of 
circles cannot be substituted, as the curves in Chap. II., 
Sect. III. and lY., and other curvea To draw these curves 
wood moulds, curves, or templates, are used ; these moulds 
are also called French curves. In many drawing offices a 
number of such curves are kept ; but as sometimes only a 
small portion of a curve is used, and perhaps portions of two 
curves are necessary to draw the required curve, it is advis- 
able, if a number of similar curves are required, to make a 
template of the curve by means of which the whole may be 
drawn. In drawing the threads of the screw in Plates VII. 
and VIII., we have used such a template. These templates 
may be made of thin wood, or of cardboard, and may be cut 
to the required shape with a sharp penknife, and then 
finished with a little fine sandpaper. 

18. Vaxious kinds of Lines Used. — The lines of an object 
which can be seen, as the outline,* are represented in the 
drawing of that object by full or continuous lines; those lines 
which cannot be seen, if they are to be represented, are shown 
by dotbed lines, which are of the same thickness as the full 
lines; for examples of each, see figs. 18 and 1.9, page 21. 
This distinction between those lines of an object which can 
be seen and those which cannot, is always adopted by 
draughtsmen. In addition to the lines just named there are 
other distinguishing lines used in this book, which we will 
now describe. Lines used in determining the form of objects, 
or construction lines, are represented by fine dotted lines. 
CevUre lines and pitch lines, of which we shall have more to 
say presently, are represented by alternate long and short 
dots. Lines representing the radius of a circle, or an arc of 
one, are termed radius lines; these and dimension lines, lines 
on which the dimensions of an object are put, we will now 

* By the term outline we mean the boundary lines of the object, 
outside of which there are no lines. 
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represent. The following is a summary of the kinds of lines 
used in this book : — 

Lines of Objects (Full), 

„ (Dotted), 

Construction Lines, 



Centre Lines, ) 
Pitch Lines, ( 

Radius Lines, 
Dimension Lines, 



The dimension is put in the blank space between the arrow 
heads in the dimension line. Shade or dark lines will be 
introduced and explained under the head of finished drawings. 



SECTION V. 

DRAWING TO SCALE — SCALES. 

19. Drawing to Scale. — Drawings of machinery have 
generally to be made of a reduced size, on account of the 
inconvenience and in many cases the impossibility of making 
them of the same size as the object ; such drawings are said 
to be " drawn to scale." In scale drawings every line in the 
drawing represents a corresponding line in the object ; the 
ratio of the former to the latter represents the scale of the 
drawing. 

Let the length of a line in the object = A, and let the 
length of a corresponding line in the drawing = a, 

then the ratio or scale is -r 

A 

For example — Let A = 4 inches; a = 1 inch, then 

— = I ; the scale is |, or 3 inches = 1 foot, 

I. Lines, — La fig. 14 the line a is 2 inches long; suppose 
it represented by 6, which is 1 inch long. The scale would 
be ^, or 6 inches = 1 foot. If a is represented by c, which 
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is half an inch long, then the scale would be }, or 3 inches 
= 1 foot. 



■• a. (2) 



^ I. (i) 



e. 



ft) 



Fig. 14. 

II. Surfaces. — ^If instead of a line we have a surface to 
represent, which of course is bounded by lines, say a square, 
then the reduction in size is to extend to every line in the 
drawing. For example — ^fig. 15 is a square of 1 inch side; 



Fig. 16. Fig. 16. Fig 17. 

a drawing of it to a scale of ^ will be a square of i inch side, 
as fig. 16; one to a scale of ^ will be a square of | inch side, 



as fig. 17. 



! 
I 



:y 



i^^ 




ilg. 18. Fig. 19. 

III. Solids, — ^The most general case we have to deal with 
is that of the drawing of solids, in which case, as in the 
previous one, every line in the drawing must bear a certain 
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ratio to the corresponding line in the object, and the scale 
represents this ratio. For example, a cube of 1 inch edge, 
fig. 18, is required to be drawn to a scale of J, then every 
line in the drawing must be made one-half the length of the 
corresponding line of the object. Fig. 19 is a drawing of 
the cube to a scale of ^, the lines ah\ Vc\ h'd\ etc., being 
respectively one-half the length of a5, he, hd, etc., in fig. 18. 

It must however be observed that the position of the 
object with respect to the plane of projection* must be con- 
sidered before this statement is made, as some of the lines in 
the projection may not bear this ratio; the following state- 
ment is more correct : — Suppose we have a full-sized projec- 
tion of the object, and from it we make a similar projection 
to a scale of ^, then every line in the latter will be one-half 
the corresponding line in the former. 

20. The scales most frequently used are the following; 
there are, however, others employed when circumstances do 
not permit of these being used : — 



1, or 12"= 1 foot. 
J, or 9" =1 foot. 
8, or 8"= 1 foot, 
i, or 6" =1 foot. 
J, or 3" =1 foot. 



J, or 2" =1 foot, 
i, or 14"= 1 foot. 
A, orr=lfoot. 
^, orJ"=lfoot. 
T^, or i"=l foot. 



^, or f"=l foot. 
tV, or i"=lfoot. 
iti or-^"=l foot. 
■f^y or |"=1 foot, 
rj^j or ^" = 1 foot. 




The reduced dimensions of an object when drawn to scale 
are taken from an instrument called a ^' scale," to which we 
now refer. 

21. Scales. — In Art. 19 we have explained the principle 
of a scale by very simple examples of drawing to scale; we 
shall now consider the instrument itself. 

I. Plain Scales. — ^The ordinary plain scale as used by 
mechanical engineers is 12 inches long, and is usually made 
of ivory; boxwood scales are often employed, as they are 
cheaper as a first cost than ivory ones, though they do not 
last so long. These scales have marked upon them a num- 
ber of divided lines, each of which represents a scale; on a 
scale for ordinary use there should be represented, at least, 
the following inches and fractions of an inch to the foot : — 
•^, J, T^, J, to 1, advancing by J of an inch, IJ to 2 

* See the articles on Projection. 
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adyancing by ^ of an inch, 2^, and 3. One foot of each 
scale is divided into 12 equal parts representing inches. 

II. Diagonal Scales, — In addition to the ordinary plain 
scale there is another form of scale, which is not quite so 
common, called the diagonal scale, because some of its 
divisions are made by (tiagonal lines. The diagonal scale 
occupies more room than the plain scale, but it is a far more 
accurate iastrument to work with, as will be seen by the 
examples we shall give of both forms. For examples of 
scales for drawings, see figs. 20-25, Plate I. 

22. Scales are often put upon drawings^ and they should 
always be so, if the scale is small and if the dimensions are 
not given; whatever contraction takes place in the paper 
upon which the drawing is, the scale must be contracted in a 
similar manner. If all the projections of an object on one 
sheet of paper are drawn to the same scale, we only require 
one scale on the drawing; if otherwise, more than one is 
required; we will now give examples of each kind of scale. 

23. Fig. 20, Plate I., represents an ordinary plain scale of 
^, or 3 inches = 1 foot, showing feet, inches, and quarters of 
an inch; the left-hand six inches show eighths of an incL 
The scale should be numbered as shown, so that if we take 
with the dividers a certain length of line from the drawing, 
and apply the dividers to the scale, the length of the line on 
the object itself can be read off from the scale at once; sup- 
pose the length is 1' 6 J"; place one point of the dividers at 
1, in feet, and the other among ifichea, when the length is at 
once seen to be 1' 6^". We mention this mode of number- 
ing, as in some instances we have seen scales with the inches 
numbered in the opposite direction. 

Fig. 21 represents a scale of -^, or 1 inch = 1 foot, show- 
ing feet, inches, and half-inches. 

Fig. 22 represents a scale of ^j, or J inch = 1 foot, show- 
ing feet and inches. 

24. Fig. 23 represents a diagonal scale of ^, or 1^ inches 
= 1 foot, showing feet, inches, and sixteenths of an inch ; the 
construction of the scale is as follows : — Draw a line about 
12 inches long, and divide it into lengths of 1^ inches, which 
will represent feet; or mark off 6 or 12 inches, and by 
repeated bisections obtain the required distance. At the 
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left-hand extremity of this line erect a perpendicular, and 
along it step sixteen eqvul distcmces of any convenient length; 
through each division draw lines parallel to that first drawn. 
Divide the left-hand foot into twelve equal parts to represent 
inches; number the scale as shown; and from 0, 1, 2, etc., 
on the right of 06 erect perpendiculars. Draw a line from 
No. 11 on the bottom line to No. 16 on the perpendicular 
line, and from each inch in the bottom line draw lines parallel 
to 11 — 16; the scale is now complete. 

The distance — 1, on the left of 0, equals 1 inch; Olah 
is a rectangle, and Oa one of its diagonals, divides the fifteen 
lines between — 1 and ab. The length of each of the 
horizontal lines between 06 and the diagonal Oa differs by 
■^ of — 1 from the one next to it above or below; the 
lengths of these lines are marked on the perpendicular line 
at 12, counting from the bottom, so that the length of the 
horizontal line 1 between Oa and 06 = Yir of — 1, the one 
next to it = -j^ of — 1, and so on, each succeeding one being 
•^ greater. This small division is the ^ of an inch, and 
the Y^ of a foot (-^ ^Tt^ tt?)> ^ represented by the scale, 
which is of J, that is, the distance — 12 represents a foot, 
but is, of course, only 1^ inches long. The distance between 
the two dots on the horizontal line marked 8 is -^^'^ or ^"; 
between those on line 5, 1' 0^"; and on line 13, 2' Tyl-". 

Fig. 24 represents a diagonal scale of ^^, showing feet, 
inches, and tenths of an inch. The distance between the 
dots on line 9 is -^" or -9"; on line 7, 3^" or 3-7"; and on 
line 3, 1' 8^" or V 8-3". 

Fig. 25 represents a diagonal scale of ^, showing feet, 
inches, and thirty-seconds of an inch. 

25. If now the student compare the two forms of scales 
illustrated, he will see that it would be impossible to obtain 
with the plain scale the small divisions we have obtained 
with the diagonal scale. Though we do not often require 
such small divisions of a foot, still we often require dimen- 
sions differing by, or containing such divisions, and hence 
the importance of having a scale by which we can readily 
obtain them. 
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SECTION VI. 

FIRST LINES OF A DRAWING. 

26. First Lines of a Drawing. — In making a drawing there 
are ceiiiain lines which are to be drawn before the lines of the 
object proper are drawn, whether the drawing we are making 
is from a copy, a sketch of an existing machine, or from the 
rough sketch of a proposed machine. In all cases there is some 
line either existing in the object, or which may be considei-ed 
for convenience as existing in it, about which the object is 
symmetrical ; that line is to be drawn first ; generally there 
are several such lines in the drawing of a machine, and often 
one principal line. These first lines are called centre lines, 
they should be made very fine and distinct, * and should be 
drawn with the greatest care, as the correctness of the drawing 
will in a great measure depend upon their accuracy. 

I. Plane Surfaces. — In fig. 26 we have an object which is 
symmetrical with respect to the line ah; also each end is 
symmetrical about ah 
and two other lines; <* ;/ 





these two lines are 

cd and ef. Therefore, a_ 

before drawing the 

lines of the object, the 

lines ah, cd, and ef, \o \e 

should be drawn, and ^ig. 26. ^ 

the intersections of these lines taken for the centres of the 

cii-cles. 

We give another example in fig. 27. The object is sym- 
metrical with respect to ah, and also to cd and ef; there are 
also parts of the object which are symmetrical about gh, kl, 
and mn. Draw first the triangle ABC, and then bisect its 
angles, as shown, and the whole of the required centre lines 
are drawn ; the lines of the object may then be put in. 

* In the drawings in this book we have used a dotted line, thus 

instead of a fine continuous line, for the sake of 

distinction and convenience. 
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II. Sotidt. — In the articlea on projection, to which we refer 
the student, we have ahowu how solids are represented on a 
plane by at least two projections, each of which have centre 
lines common to both. The statements made respecting the 
drawing of centre lines of plane surfaces apply also to these 
projections. 

7. r 




Fig. 27. 

FigH. 2S and 29 are two projections of a cylinder, both 

figures are symmetrical with respect to the line ab, which is 

therefore to be drawn first. In fig. 28 the line cd, at right 



■€E 



"Fig. 28. Rg. 29. 

angles t« ab, fixes the centre of the cirale, but this line is 
not seen in fig. 29. The line about which the object is 
symmetrical is its axis, which is represented in fig. 23 by 
the j)oint of intersection of ab ajxd cd, and in fig, 29 by ab. 
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SECTION I. 

CONSTRUCTIONS FOR CONNECTING CIRCLES AND ARCS OP 
CIRCLES WITH STRAIGHT LINES, ETC. 

27. To connect two given straight lines containing a right 
angle by means of an arc of a circle of a given radius. 

Fig. 30.— Lot AB and BC be the Iq 

two given straight lines, and let D 
represent the given radius. 

From B as a centre, with a radius 
D, cut AB, BC in.E and F; 
through these points draw lines 
parallel to BC and AB respectively, 
intersecting in O. Then O is the 
centre of the required arc of circle l^g. 30. 

(as the angle ABC is a right angle, the arc EF is a quadrant 
of a circle). 

28. To connect two given straight lines which meet, hut do 
not contain a right angle, hy msa/ns of a/a arc of a circle of a 
given radiiis. 

Fig. 31.— Let AB and BC 
be the two given straight lines, 
and let D represent the given 
radius. 

Li AB, BC, take any con- 
venient points H and K, and 
erect perpendiculars HL and 
KM, equal in length to D. 
Through L and M draw lines 
parallel to AB and BC respec- Fig. 31. 

tively, intersecting in O. Then O is the centre of the 
required arc of circle. From O draw OE, OF perpendicular 
to AB and BC resjiectively, then EF is the length of the 
ai*c to be drawn. 
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29. To drato a circle to touch three given straight lines. 
Fig. 32.— Let AB, BC, and CD, be the given straight 

^ V r lines. Bisect the angle 

ABC by the line BH, the 

centre of the required circle 

■will be in this line. How 

bisect the angle BCD by 

the line CK, the centre of 

the required circle will be 

in thiB line also. IJet BH 

and CK interaect in O. 

Fig. 32. Then O ia the centre of 

the required circle. From draw perpendiculars meeting 

AB, BC, and CD in E, F, and G respectively, these are the 

points of contact between the ^ven lines and the circle. 

30. To connect a given circle and a given straight line by 
meant of an arc of a circle of a given radiu». 

a. When the given straight line passes through ike centre 
of the given drele. 

~ ~ ... ... ,j^j.jj^y_ 

Fig. 33.— Let AB be an 
arc of the given circle whose 
centre is O, CD the giwen 
straight line, and H the 
given radius. Draw any 
radius OP cutting the arc 
AB in E, and from E set 
off, inside the circle, EF 
cqnal to the radius of the 
connecting arc R. From 
as a centre, with a radius 
OF, describe the arc HFK 
cutting the line CD. From 
any point L in CD draw 
LM perpendicular to CD, 
and equal in length to R. 
Through M draw MK 
parallel to CD, cutting the 
arc HFK in K. Then K 
is the centre of the con- 
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necting arc. Draw the radius KN perpendicular to CD, and 
from O draw the line OK, and produce it to meet AB in Q. 
Then NQ is the length of the connecting arc. 

II. To touch the given circle externally. 

The construction is shown on the left of the line CD, 
hg, 33, and is similar to the former case; the only difference 
is, that the centre U of the connecting arc is outside tlie 
given circle. ST is the length of the required ara 

b. When the given straight line does not pass through the 
centre of the given circle. 

I. To touch the given circle externally. 

Fig. 34. — Let AB be an arc of the given circle whose 
centre is O, CD the 
given straight line,and 
R the given radius. 
Draw any radius OE 
and produce it, making 
EP equal to the given 
radius R. From O as 
a centi-e, with a radius 
OP, describe the arc 
PFH cutting the line 
CD. From any point 
K, in CD, draw KL 
perpendicular to CD, 
and equal in length 
toR. Through L draw 
LF parallel to CD 
cutting the arc PFH 
in F. Then F is the 
centre of the connect- 
ing arc. Join FO cut- 
ting AB in N, and 
from F draw the radius Fig. 34. 

FM perpendicular to CD. Then MN is the length of the 
required connecting ara 
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II. To touch the given circle internally. 

The construction is shown on the left of line CD, fig. 34. 

31. To describe a circle to pass through three given points. 

Fig. 35. — Let A, B, and C be the three given points. 
D F 




Fig. 35. 

Join AB and BC; bisect AB and BC by the perpendicular 
lines DE and FH, which intersect in O. Then O is the 
centre of the required circle, and OA its radius. 

32. To draw a tangent to a given cirdefrom a given point, 

tt. WJi&n the given point is on the given circle. 

Fig. 36. — Let ABC be the given circle whose centre is O, 

and Q the given point. 
Join OQ and draw DE 
perpendicular to OQ. 
Then DE is the required 
tangent. 

h. When the given point 

is outside llie given circle. 

Fig. 36.— Let ABC be 

the given circle whose 

centre is O, and P the 

given point. Join PC, 

and upon it describe a 

Fig. 36. semicircle PFO, cutting 

the given circle in F. Draw PT; it touches the given circle 

in F ; and is the required tangent. 
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If FO is joined, FT is perpendicular to FO (the angle in 
a semicircle is a right angle). 

33. To draw a common tangent to two given circles whose 
radii are unequal, 

I. To touch tJte given circles on the same side of the line 
which joins their centres. 

Fig. 37. — Let O and P be the centres of the given circles 
ABC and MNQ. Join OP, and let the line OP cut the 
given circle ABC in C. From C set off, inside the circle, 




Fig. 37. 

CE equal to the radius of the smaller circle MNQ. From O 
as a centre with a radius OE, describe the circle DEF, and 
from P draw a tangent PF to this circle by the construction 
given in the previous figure. Join OF and produce it to 
meet the circumference of the circle ABC in R. From P 
draw PQ pai^allel to OR, meeting the circumference of the 
circle MNQ in Q. Join QR, which is the requii^ed tangent. 

11. To touch the given circles on opposite sides of the line 
which joins t/ieir centres. 

Fig. 38. — ^The construction is similar to the preceding case, 
CE = PN is set off outside the circle ABC instead of inside 
it, as in fig. 37« 

Xote, — The radius of the circle DEF in hg. 37 is equal to 
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the difference^ and in fig. 38 it is equal to the Bum^ of the 
radii of the two given circles. 




Fig. 38. 

34. To describe a circle which shall touch a given straight 
line, and also touch a given circle at a given point, 
I. To Umch the given circle externally. 




Fig. 39. 
Fig, 39.— Let AB be the given straight line, CDE the 
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given circle whose centre is O, and the given point. Join 
OC and produce it, from C 6tb,w CF perpendicular to OC, 
meeting AB in F. From F as a centre with a radius FC, 
describe an arc of a circle cutting AB in H. Draw HP 
perpendicular to AB, meeting OC produced in P. Then P 
is ijie centre of the required circle, and PH its radius. 

n. To contain the given circle. 

Fig. 40. — ^The construction is similar to the preceding 
case, and, as the same letters of reference are used, the 
student can refer to it 




Fig. 40. 

35. To describe a circle which shall totich a given circle, 
<md touch a given straight line in a given point, 

a. When the given straight line does not cut the given circle. 

I. The required circle is to totich the given one externally. 

Fig. 41. — Let CDE be the given circle whose centre is O, 

and F the given point in the given straight line AB. Through 

draw OH perpendicular to AB, meeting the circumference 

of the circle CD£ in H; and from F draw FQ perpendicular 

2 o 
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to AB. Join FH, cutting the circumference of the circle 
CDE in R Through E draw OE, and produce it to meet 
the perpendicular FQ in P. Then P is the centre of the 
required circle, and PE its radius. 




Fig. 41. 

II. The required circle is to contain the given one. 

Fig. 41. — Lot CDE be the given circle whose centre is O, 
tmd F the given point in the given straight line AB. Through 
O draw OK perpendicular to AB, cutting the given circle 
CDE in K; and from F draw FQ perpendicular to AB. 
Join FK, and produce it to meet the circle CDE in L. 
From L draw LO, and produce it to meet the perpendicular 
from F in Q. Then Q is the centre of the required circle, 
and QL its radius. 

b. When the given straight line cuts the given circle. 

Fig. 42. — ^TKe same construction is employed as in fig. 41, 
case I. 

The following construction may be employed with advan- 
tage, and in many cases for drawing purposes it is more 
accurate. 

Fig. 43. — Let CED be an arc of the given circle whose 
centre is O, and F the given point in the given straight line 
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Fig. 42. 




Fig. 43. 
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AB. Through F draw PFH perpendicular to AB, and from 
F set off FH, equal to the radius of the given circle CED. 
Join HO, and bisect it by the perpendicular PQ, cutting 
HP in P, and from P draw PO, cutting the given circle in 
E. Then P is the centre of the required circle, and PE its 
radius. 

36. To describe a circle which shall tcmch two given circles 
extemaUy, a/nd tovAih one of them in a given point. 

Fig. 44.— Let ODE and FHK be the two given circles 
whose centres are A and B respectively, and let F be the 
given point. Join FB, and if necessary produce it, making 
FL equal to the radius of the circle CDK Join AL, and 




Fig. 44. 

bisect it by the perpendicular PQ meeting LF produced in 
P. Then P is the centre of the required circle, and PF its 
radius. Join AP cutting the circle ODE in 0, then OF is 
the length of the connecting arc of the required circle. 
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37. To deacrihe a aeries of circles to touch each other in suc- 
cession, amd also to touch two givers straight lines which are 
not parallel. 

Fig. 45. — Let AB and CD be the two given straight lines. 
Produce A£ and CD until they intersect in E; if this is 
inconvenient, draw lines parallel to, and equidistant from, 
AB and CD intersecting each other. Bisect the angle AEC 
contained by the lines AB and CD, or by lines psutJlel to 
them, by the line EF, which will contain the centres of the 
required circles; let one of the circles have a given radius R. 




'--JS 



1^.45. 

At any point H in one of the given lines, as CD, draw 
HK perpendicular to CD and equal to K ; draw KL parallel 
to CD meeting EF in L. Then L is the centre of the circle 
FMN of the given radius, and touches the given linea 

Draw the radius LM perpendicular to CD, and from N 
draw NO at right angles to EF to meet CD in O; from O 
set off, along CD, OP equal to ON, and draw PQ perpendi- 
cular to CD, meeting EF in Q. Then Q is the centre of the 
second circle which will touch the described circle and the 
given lines. By repeating this operation, any number of 
circles can be described on either side of the circle whose 
centre is L. 

38. To describe a circle which shaU pass through a given 
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pomt, amd also Umch two given straight lines which are not 
parallel. 

Fig. 46. — Let AB and CD be the two given straight lines, 
and P the given point; let the lines be produced to meet in 
E. Two circles of different radii can be drawn to fulfil the 
conditions; one whose centre is between P and E, and the 
other having its centre on the side of P remote from E. 



iJ^^g^^^A^^^ 



Fig. 46. 

Bisect the angle AEC by the line EF, which will contain 
the centres of 9ie two circles. From any point H in EF 
describe a circle touching AB and CD, and from E draw a 
line through P cutting this circle in L and K. If the 
required circle is to be the larger of the two, join LH, and 
draw MP parallel to LH cutting EF in M. Then M is the 
centre of the required circle, and MP its radius. 

The centre N of the smaller circle is obtained by drawing 
PN parallel to KH, as shown by the construction lines. 



SECTION II. 

DIVISION OF LINES — SQUARE ROOT'S OF NUMBERS — AREAS. 

39. To dimde a given line into any required number of 
pa/rts whose lengths shall he in a/ny given proportion. 
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Fig. 47. — ^Let AB be the given line 1 '4' long wliich is to be 
divided into, say, three parts in 
the proportion of '85, 1*1, and 1*45 i 
(•85 : M : 1-45). 

Draw, from A or B, any line 
AD, making an angle of about 
30° with AB, and upon it set off 
AC, CE, and EF, equal to -85, 
I'l, and 1*45, respectively, of 
any convenient unit of length, Fig. 47. 

say an inch. Join FB, and draw Ee and Cc parallel to it^ 
then AB' is divided in the points c and e in the lequired pro- 
portion. 

Ac : c« : eB : : AC : CE : EP. 

The length of AF = -85 + M + 1-45 - 3^-4 = 3-4", the unit 
of length being one incL The line AB is 1 -4" long, and 
contains 3*4 times some unknown unit of length, of which 
Ac, ce, and cB contain -85, 1*1, and 1*45, respectively. 

40. To determine by construction the square roots of 
numbers. 

I. Fig. 48. — Draw a right-angled triangle BAG, whose 
sides AB, AC are each one unit 
in length (taken from any scale). 
Then as AB and AC are each 1, 
CB will be J2. Draw CD at 
right angles to BC, and equal to 
AB; join BD. Then BD will be 

^3. In the right-angled triangle 
BDF, BD is ^3 and DF ( = BC> 
is J% therefore BF is J^. It 
must be observed that all these ^ B 

roots are expressed in the same Fig. 48. 

unit as AB and AC. The construction just described may 
be continued to any extent within reasonable limits. 

The following construction is of more general application 
than the preceding. 

II. Fig. 49. — Let it be required to find the square root of 
3*35, and let AB represent the unit of length, say an inch. 
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Draw an indefinite line EF, and mark upon it AB, AC equal 

^^. ^^^ to 1 and 3*35 units, 

°''' ""^N^ respectively. Bisect BO 

^"^v and describe the semi- 

^\ circle BDC; from A draw 

\ AD at right angles ta 

\ BO meeting the semi- 

^ ^ '■ c"' circle in D. Then AD 

" "" Fig. 49. will be equal to ^3^ ; 

that is to say, the area of the square described upon AlD 

will be 3*35 times the area of that described upon A!B. 

The line AD is a mean proportional between AB and AO, 
which is expressed in the form of a proportion thus, 

AB : AD : : AD : AC ; 

multiplying the exti'emes and the means we obtain 

AD3 = AB X AC. 

The square upon AD is equal in area to the rectangle having 
AB and AC for its sides. 

41. To determine by construction the aqiuvre root of a 
fiuctional number* 

Fig. 49. — Let it be required to find the square root of J 
AC representing the unit of length. Make AJB = ^ AC, and 
describe the semicircle BDC; from A draw AD at right 
angles to BC, then AD = ^. In like manner, if we required 
the Jl; make AB = I AC, then AD = Jl, 

42. To draw a sqtuxre whose area shaU be eqiud to the sum 
of the a/reas of two given squares. 





Fig. 50. 
Fig. 60. — Let A and B be the two given squares. Con- 
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struct a right-angled triangle ODE, the sides CD and DE 

being equal to the sides of l£e given squares A and B. Then 

the square described upon C£ will be the required square, 

which may be expressed in the form of an equation, thus : 

CE»=CD« +DE». 
Let DE=3, and CD=4, then CE=5 
for CE« = 4« + 3» 
= 25 
.-. CE = 6. 

Note, — ^This construction can be extended to include circles, 
and similar triangles, parallelograms, and polygons. 

Example. — ^To find the diameter of a pipe equal in area to 
two given pipes. 

43. To draw a circle whose a/rea shall he eqtial to the 
difference of the areas of two given circles. 

Fig. 51. — Let A and B be the two given circles. Draw 
any line ED equal to the diameter of the circle B, and draw 
DF at right angles to ED. From E as a centre, with a radius 
equal to the diameter of the circle A, describe an arc cutting 
DF in C. Then CD is the diameter of the required circle. 




Fig. 61. ^ 

Note, — This construction can be extended to include 
squares, and similar triangles, parallelograms, and polygons. 
In Art. 42, page 40, we described a square equal in area to 
the stim of two given squares, which was expressed as an 
equation, thus : 

CE« = CD« + DE«. 

In the present case, taking an example of squares, the 
obtained square is equal to the difference of the two given 
squares, expressed, thus : 

CD* = CE« - DE'*. 
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SECTION III. 
THE ELLIPSE. 

44. To determi/ie points m an ellipse, the rrvajxyr and minor 
aacea being given. 

Fig. 52, Plate II. — Let AB and CD be the given major 
and minor axes (the principal axes, or the diameters of the 
ellipse, which bisect each other at right angles). From C or 
D as a centre with a radius A£, equal to one-half the major 
axis, cut AB in F and H; these points are the foci of the 
ellipse. Between F or H and £ take a nmnber of points 
1, 2, etc., whose distances from each other decrease as they 
approach F or H. From F and H a& a centre with a radius 
Al describe arcs of a circle on each side of AB, and from H 
and F as a centre with a radius Bl cut these arcs in 1,^1, these 
will be points in the ellipse. Then from the same centres 
with radii A2 and B2 repeat the operation, and thus find the 
points II, II; and so on with radii A3 and B3, etc., find 
the points III, III, etc. Through these points draw the half 
ellipse CAB. 

By reversing the describing radii points can be found in 
the other half, as in the figure, where Fiv = B4; Hiv = 
A4, etc. The number of points to be taken between E and 
F must depend upon the size of the figure and the degree of 
accuracy desired. 

45. To determine points in an ellipse by mean^ of a straight 
edge, when the major and minor axes are given. 

Fig. 53, Plate II. — Let AB and CD be the given axes. 
Take a slip of paper RS, one of whose edges is a straight line, 
and mark upon it in fine lines MK equal to A£, and KL 
to CE; then LM is the difierence of the semi-axes. First place 
the slip of paper so that M coincides with E, and K with B; 
now gradually change the position of the slip, keeping L and 
M always upon the axes, until L coincides with E, and K 
with C. During this change of position of the slip the point 
K will have traced out one-quarter of the ellipse; the succes- 
sive positions of K must be marked with a fine pointed pencil, 
and the curve neatly drawn through the positions. The 
remaining quarters can be traced in a similar manner ; two 
jDOsitions of the slip are shown in the figure. 
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This is a very correct and simple method of describing an 
ellipse, and can be employed on drawings without using con- 
struction lines as in the preceding figure. 

46. To describe an eUipae by mea/na of a string and a 
describing point, when the major amd minor axes are given. 

Fig. 54, Plate II. — Let AB and CD be the given axes ; 
determine the foci as in Art 44. At the foci F and H fix 
pins, to which attach the ends of a thread whose length shall 
be such that the describing point, as a pencil, shall exactly 
iwh to C or D. In the fiiuVe th; describing point is show^ 
in two positions P and O. From the construction it will be 
seen that DF + DH = OF + OH = AF + AH ( = HF + 2AF) 
= AB the major axis. This is the method employed by 
gardeners for elliptical flower beds. 

47. To draw a ta/ngent amd a normal to a/n ellipse at any 
point P. 

Fig. 54, Plate II.— Let AB and CD be the axes, and F, 
H the foci. Join PF, PH, and produce one of them, as FP 
to G; bisect the angle GPH by the line KL ; then KL will 
be the required tangent. The normal MN is obtained by 
bisecting iiie angle FPH, as in the figure. As the normal 
and tangent are at right angles to each other, if both are 
required, it is only necessary to bisect one of the angles, as 
FPH, and draw the tangent at right angles to the normal. 

48. To determine points in a/n ellipse, a/ny two conjugate 
diameters being given. 

Fig. 55, Plate II. — Let AB and CD be the given diameters; 
draw through the extremities A, B, C, and D, of these 
diameters lines parallel to them, forming a parallelogram 
KLMN. Divide AN" into any convenient number of equal 
parts, say three ; and divide A£ into the same number of 
equal parts, numbering them as shown. Join CI, C2, and 
Dl, D2, and produce Dl, D2, to cut CI, C2, in I, II; then 
I, II, are points in the ellipse, which is completed by drawing 
a careful arc through them. The construction lines show 
how the remaining portion of the semi-ellipse is obtained. 
The other half may be obtained in a similar manner, or by 
drawing the diameters lEI', IIEII', etc., making EI' = EI, 
EH' = EH, etc. 
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SECTION IV. 
THE INVOLUTE OF A CIRCLE — CTCLOIDAL CURVES. 

49. The Involute of a Circle. — If a perfectly flexible Une 
be wound round a circle so as to coincide with it, and he kept 
aPretched ae it is tmwownd, a point in the line wiU describe a 
curve called the involute of the circle; the circle is caUed the 
evolute. 

To determine points in the invohUe of a circle. 

Fig. 56, Plate III. — Let BCD be a circle, whose centre is 
A, the involute of which is required. Divide the circumfer- 
ence of the circle BCD into any convenient number of equal 
parts, say 12, and number them as shown. Draw radii AO, 
Al, A2, etc.; from the points 1, 2, 3, etc., draw lines, II, 
211, 3III, etc., at right angles to these radii, making them 
equal to the arcs 01, 02, 03, etc. If the arc 01 is small, the 
chord 01 may be tdken and set off along II, 211, 3III, etc., 

I, 2, 3, etc., times respectively; or, otherwise, draw a tangent 
GYI, and make it equal to the semi-circumference (the radius 

X 3*1416). Divide this tangent into the same number of 
equal parts as there are in the semi-circumference, and make 

II, 211, 3III, etc., equal to 61, 611, 6III, etc., respectively. 
Through the points, I, II, III, etc., thus determined, draw 
the curve . . . VI, which is the involute of one-half of the 
circle. The remaining half may be drawn without further 
explanation; in the figure the involute of three-quarters of 
the circle is shown. 

The line TT at right angles to 5y is the tangent to the 
involute at the point V; the line 5V is the normal. 

•Note. — ^The definition given of the involute of a circle can 
be extended to include any curve by substituting " curve " in 
place of '' circle " in the definition. 

60. The Cycloid. — If a circle rolls along a straight line, 
a/nd always remain in the eame plane, a point in its drcunv- 
ference tmll describe a curve called the cycloid. The straight 
line is the director, the circle the generating circle, and the point 
the generator. 
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To determine points in a cycloid^ the director and ike generat- 
ing circle being given. 

Kg. 57, Plate III.— AB is the director, and D06 the 
generating circle whose centre is C. A line D£ parallel to 
AB and drawn through C will be the path of the centre of 
the generating circle as it rolls along AB. Divide the cir- 
cumference of the circle DOG into any convenient number of 
equal parts, say 12, and number them as shown. From any 
point in AB mark off — 6 equal to the semi-circumference 
of the circle b j either of the following methods : — 

I. By stepping off the c?iord 01 of the circle six times. 

II. By calculation make — 6 on AB equal to the radius of 
the circle x 3 *1 4 1 6. Divide — 6, on AB, into six equal parts ; 
from each of the points, 1, 2, 3, etc., erect perpendiculars 
meeting DE in 1, 2, 3, etc.; from these points as centres 
with CO as radius describe arcs of circles. From 1, 2, 3, 
etc., on the circle DOG draw lines parallel to AB cutting the 
arcs described from corresponding centres in DE, in I, II, 
III, etc.; through these points draw the curve . . . VI, 
which is one-half of the required cycloid. As the other half 
is exactly similar, it can be drawn without further explana- 
tion. 

From the construction it will readily be seen that the 
chords II, 211, 3III, etc., are equal to the chords 01, 02, 03, 
etc., so that the points in the curve may be obtained by set- 
ting off these chords from 1, 2, 3, etc., in AB. The points 
0, 1, n, etc., are points in the curve corresponding to the 
positions 0, 1, 2, etc., of the centre of the describing circle. 

The error introduced into the construction by using method 
I. is small, providing the chord taken is small; see Art. 10, 
page 14. The line TT at right angles to the chord 3III is 
the tamgent to the cycloid at the point III; the chord 3III 
is the normul at that point. 

51. The Trochoid.— Eeferring to Art. 60—1/ the generator 
is not in the circumference of the generating circle, the curve 
traced wiU he a trochoid. 

To determine points in a trochoid, the director, the genera- 
ting circle, amd the generator being given. 
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Fig. 58, Plate III. — AB is the director, D06 the generat- 
ing circle whose centre is C, and P the generator, in the first 
case taken within the circumference of the cii'cle. Proceed 
as in the last figure and obtain the points 0, 1', 2^ etc., corre- 
sponding to 0, 1, II, etc., in that figure; join these points with 
0, 1, 2, etc., in DE. Upon the radii 00, IT, 22', etc., mark 
off 00, II, 211, etc., equal to CP. Through the points 0, I, 
II, etc., thus obtained draw the curve . . . VI, which is 
one-half of the required trochoid. This curve is the path of 
the centre of the crank pin of a locomotive crank, where 
D06 is the driving wheel, and P the centre of the crank pin. 

If the describing point is without the circumference of the 
generating circle, the trochoid is of the form shown by the 
outer curve QQQ, fig. 58. The construction of the curve is 
similar to the preceding case, the radii 00, IT, 22', etc., being 
produced and made equal to C^', where q is the describing 
point; through the extremities of these radii the curve is to 
be drawn. 

52. The Epicycloid. — If a circle rolls along the outside of 
a drclCf a/nd always remmn upon the same plam^ as the circle 
upon which it rolls, a point in its circumference wHl describe 
a curve called a/n epicycloid. The rolling circle is the generat- 
ing circle, the circle upon which it rolls the director, and the 
point the generator. 

To determine points in a/n epicycloid, the director and the 
generating circle being given. 

Fig. 59, Plate III. — ABC is the director, S its centre, and 
KLM the generating circle whose centre is D. 

A circle DEF described from S as a centre with a radius 
SD will be the path of the centre of the generating circle as 
it rolls along ABC. Join SD and produce it to meet the 
circle KLM in K; divide the semicircle OMK into any con- 
venient number of equal parts, say 6, and number them as 
shown. From any point in ABC make the arcs 01, 12, 
23, etc., equal to the arcs 01, 12, 23, etc., of the semicircle 
OMK, by stepping along ABC a small chord, as 01, of the 
generating circle. From S draw radii SI, S2, S3, etc., and 
and produce them to meet DEF in 1, 2, 3, etc.; from these 
oiuts as centres with DO as radius describe arcs of circles. 
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Make the chords II, 211, 3III, etc., equal to the chords 01, 
02, 03, etc.; through the points 0, I, II, etc., describe the 
curve . . . YI, which is one-half of the required epicycloid. 
The other half being exactly similar can readily be drawn. 

As the director is a circle generally not of the same 
diameter as the generating circle if the chords 01, 02, etc., 
in ABC are made equal to corresponding chords in KLM, 
the arc 060 of ABC will not be equal to the circumference 
of KLM unless the circles are of equal diameter. The fol- 
lowing will be a more correct construction. 

The circumferences of circles bear the same ratio to each 
other as their diameters; therefore, if the diameter of the 
generating circle is one-hdif that of the director, the epicycloid 
will occupy one-half of the director; if the ratio of the 
diameters is ^, the curve will occupy ^ of the director, and so 
on. Therefore, when the ratio of the diameters is a simple 
one, as just represented, the arc 060 of ABC can easily be 
determined and then divided into the same number of equal 
parts as the generating circle. If the ratio is not a simple 
one, make the angle OSO such that it bears the same ratio to 
four right angles as the diameter of the circle KLM bears to 
the diameter of the circle ABC* For example, let KLM be 
1" in diameter, and ABC 3*6"; the ratio is ^, therefore the 
angle OSO = |?^° = 100°. Having drawn the angle OSO, pro- 
ceed to describe the curve as previously stated. 

The line TT at right angles to the chord 3III is the tarv- 
gent to the epicycloid at the point III; the chord 3III is the 
normal to the same point. 

53. The Hypocycloid. — Tf a <drcle rolls along the inside of 
n circle^ aoid always remain in the sa/me plane as the circle 
upon which it rolls, a point in its circumference wiU describe 
<i curve called a hypocycloid. The rolling circle is the generat- 
ing circle, the circle upon which it rolls tlis director, and the 
point the generator. 

To determine points in a hypocycloid, tJie director and tJie 
generating circle being given. 

Fig. 59, Pkte III. — ABC is the director, S its centre, and 
NOP the generating circle whose centre is H. The con- 
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struction is similar to that employed for the epicycloid; the 
centres of the rolling circle are marked H, V 2', etc.; and 
the obtained curve is numbered . . . VI ... 0. The same 
remarks made respecting the setting-out of the path OSO on 
ABC for the epicycloid applies also for the hypocycloid. 

If the diameter of the generating circle is equal to the 
radius of the director, the hypocycloid becomes a diameter of 
the director; this property will be considered in the articles 
on the teeth of wheels. 

The cycloidal curves described in Arts. 50, 52, and 53, 
and the involute of a circle described in Art. 49, are employed 
for the teeth of wheels; see the paragraphs on teeth of 
wheels in a succeeding chapter. 



CHAPTER IIL 



SECTION I. 

PBOJECTION — PROJECTIONS OF POINTS AND LINES. 

64. Projection. — The terms "a drawing" and " a plan," 
as applied to the picture or representation of an object, as of 
a machine or a portion of one, are pretty well understood in 
a general sense; but, however, not so clearly as to warrant 
the omission of a definition of such terms in this book ; more 
especially as there exists some difference of opinion respecting 
this part of the subject In the articles that follow we shall 
lay down those principles of drawing that we consider of the 
greatest importance for a clear and systematic treatment of 
the subject; and upon these principles we shall execute all 
drawings. The principles stated will apply to all the figures 
in the book, but the examples that immediately follow will 
be of a simple character ; the more difficult cases will be 
treated in subsequent articles. 

65. A drawing of an object, as a machine, consists of a 
representation of that object on a plane surface, as a level 
sheet of paper ; this representation is made up, if the object 
is a solid, of at least two separate figures or views as seen 
by the observer from two distinct positions; each of these 
views is termed a projection. We shall now proceed to define 
this term as applied to a point, a line, a surface or plane, and 
a solid. 

For the purpose of fully representing the form of solid 

objects, the projections are made upon two distinct planes 

which are assumed to be at right angles to each other, and 

are termed the horizontal and vertical planes respectively ; 

2 D 
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the former being represented by say a level table, or a draw- 
ing-board in its usual horizontal position, the latter by a wall 
parallel to the table. These planes are called co-ordinate 
planes, and the projections o^'thographic projections. Fig. 60 
represents (in isometrical projection) the two planes; ABCD 
is the horizontal, and ABEF the vertical plane. 

56. Projections of a Point. — The projection of a point 
upon a given plane is the foot of the perpendicidar let faXL 
from that point upon the plane. 

Let H, fig. 60, represent a point raised above the horizontal, 
and in front of the vertical plane. From H let fall a per- 
pendicular HA, meeting the horizontal plane in the point A, 
then h is the projection of H upon the horizontal plane ABCD. 
From H draw a perpendicular, HA', to the vertical plane, 
meeting it in A', then K is the projection of H upon the 
vertical plane ABEF. 




Fig. 60. ' 

A projection upon a horizontal plane is termed a plan, and 
one upon a vertical plane an elevation; therefore, h is the 
plan, and h' the elevation of the point H with respect to the 
given planes ABCD, ABEF. 



PROJECTION, 51 

57, Projections of a Line.— The projection of a line upon 
a given plane is the line containing the projections of all the 
points of that Une. 

I. Let HK, fig. 60, represent a straight line in front of tho 
vertical, and perpendicular to the horizontal plane above 
which it is raised. Let the line HK. be produced meeting 
the horizontal plane in hy then h is the projection of the line 
HK upon the plane ABCD. From H and K draw perpen- 
diculars, HA' and 'Kk', to the vertical plane meeting it in h\ 
k'\ join h'k\ then h'k' is the projection of the line HK upon 
the plane ABEF. The projection h is the plan, and h'k' 
the elevation of the line HK; that is, they are the projec- 
tions of the line HK upon the horizontal and vertical planes 
respectively. 

II. Let LM, fig. 60, represent a straight line above the 
horizontal, and perpendicular to the vertical plane, but not 
touching the latter. Let the line LM be produced meeting 
the vertical plane in V; and from L and M let fall perpendi- 
culars, U and Mm, meeting the horizontal plane in I and m; 
join Zm, then V is the elevation, and hn the plan of the line 
LM. 

III. Let NO, fig. 60, represent a line parallel to both 
planes and touching neither of them, then no is the plan, and 
no' the elevation of the line. 

As the projections of a straight line are straight lines, it 
is sufficient to obtain the projections of two points in the line, 
as the extremities, for each projection, through which the pro- 
jection is to be drawn. It often happens that the direction 
of the projection is known, then one point in the projection 
is sufficient. 

68. Before proceeding to the other cases we will show how 
these principles are applied in practice. As before stated, 
our drawings are made upon a simple sheet of paper, the sur- 
face of which is a plane. Let DCEF, fig. 61, represent the 
two planes ABCD, ABEF in fig. 60, one of which is turned 
through a right angle so that they form one plane, as a sheet 
of paper. Then the plans and elevations of the lines HK, 
LM, and NO, shown in ^g. 61, are in the positions they 
would occupy in our drawing. The line AB which divides 
the two planes, and, generally, separates the plan from the 
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elevation, is termed the ground line. The ground line, besides 
representing the line of intersection of the two planes, also 
represents the elevation of the horizontal plane when we refer 
to the elevation of an object; and when we refer to the plan 
of an object, it represents the plan of the vertical plane. This 
may readily be seen by referring to fig. 60, where AB is the 
projection of FE upon the horizontal plane, and of DC upon 
the vertical plane. Therefore the distance of a point or of a 
line from AB, measured towards DO, represents the distance 
of that point or line from the vertical plane ; and, similarly, 
if the distance is taken from AB towards EF it represents 
the distance of the point or line from the horizontal plane. 
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Fig. 61. 

59. To draw the Projeotions of a Point. — Suppose we 
wish to draw the plan and elevation of a point H which is '7" 
in front of the vesical, and '75" above the horizontal plane. 

Let DCEF, fig. 61, be our sheet of paper, which we shall 
always assume as rectangular. Take any point A, about 
half way between D and F, and through it draw the ground 
line AB parallel to DC. Draw lines pq, 'p'q parallel to and 
at distances of 'T' and '75" respectively from AB; then the 
plan of H will be in 'pq^ and the elevation in p'q. Let h 
represent the plan ; from h draw hK perpendicular ' to AB 
meeting p'q in K then K is the elevation of H. 

The projections, h and K, of the point H fix the position 

H with respect to the co-ordinate planes ; if the projections 



PROJECTION. 53 

are not given, bnt simply the distance of the point from each 
of the two planes, then the point is not definitely fixed, as it 
may be anywhere in the line PQ, fig. 60, passing through the 
pdbit and parallel to the co-ordinate planes. In the example 
just given we took A in jei^' as the plan of H and obtained the 
elevation from it. Let ADGF, fig. 60, be another plane at 
right angles to the co-ordinate planes, and H' the projection 
of H upon it. Then the position of H is wholly determined 
if we state its position relatively to the three planes. 

60. In the class of drawing we shall require in machine 
construction the object is assumed as i*e8ting on a horizontal 
plane, and its position with respect to the vertical plane is 
determined by other considerations than those named in the 
previous article. The third plane ADGF is generally assumed 
as passing through the centre of the object, and becomes the 
centre line of the drawing, to which we shall often have occa- 
sion to refer. 

As every object which we have to represent, or " make a 
drawing of," is made up of surfaces, the boundaries of which 
are lines, and as, in most cases, these surfaces are the boun- 
daries of solids, it is obvious that if we are able to draw the 
projections of lines under different conditions of position with 
respect to the co-ordinate planes, the projections of simple 
solids will present little difficulty. And as the student 
advances he will be able to draw with comparative ease the 
most difficult objects we meet with in machine construction. 

61. To draw the Projections of a Straight Line. — A line 

•7" long is to be represented in plan and elevation according 
to the following six positions, in which we shall assume its 
position with respect to the third plane to be fixed arbitrarily : 
— For cases I., II., and III., see fig. 61, and also fig. 60; for 
IV., v., and VI. see ^g. 62. If a line is called AB, its plan 
is marked a h and its elevation a V. 

Fig. 61. — L The line, HK, is in front of the vertical plane, 
and '7" from it; and perpendicular to the horizontal plane 
above which it is raised •!". Take any point r in the ground 
line AB, and draw through it a perpendicular hh' \ make rh 
equal to '7", and rk\ rh equal respectively •!", '8"; join h'k'. 
Then the point h is the plan; and the line h'k' the elevation 
of the line HK. 
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TI. The line, LM, is parallel to the horizontal plane and 
'1" above it; in front of the vertical plane and "l" from it 
Take any point 8 in AB and draw through it a perpendicular 
IV'y make al' equal to *7", and sm, si equal respectively -1", 
'S"; join Im. Then t is the elevation, and Im the plan of the 
line LM. 

III. The line, NO, is parallel to both planes; '5" above 
the horizontal, and -6" in front of the vertical plane. Take 
any point t in AB and draw through it a perpendicular nn; 
make tn', tn equal respectively to 'b" and '6". From n and 
n draw no, no' each equal '7"; then no is the plan, and no 
•the elevation of the line NO. 

Fig. 62. — IV. A line, RS, parallel to the vertical plane 
but not touching it, and inclined to the horizontal at an 
angle of 30°, is shown in plan and elevation by r«, r «', 
respectively. The drawing of this and the following case is 
obvious from the figure, we shall therefore pass on to the 
remaining case. 




Fig. 62. 

V. A line, TU, parallel to the horizontal plane but not 
touching it, and inclined to the vertical at 40° is shown in 
plan and elevation by tUy t'u\ respectively. 

VI. A line, VW, inclined to both planes is shown in plan 
and elevation by vw, vw\ respectively. The line VW is in- 
clined to the horizontal plane at 30°, and to the vertical at 40°. 

\8t CoTiatruction in Vertical Plane, — TiEike any point v in 
and draw i?'W inclined to AB at 30°; from W draw 
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"Wwy^ perpendicular to AB and meeting it in Wy Then v'w^ 
would represent a plan of vW. Let the plan ot the end V of 
the line be below AB, that is, in front of and not touching 
the vertical plane. From v draw vv perpendicular to AB, 
and fix upon the point v; through v draw vw^ parallel to AB. 
2nd Construction in fforizontcU Plane, — Draw on the hori- 
zontal plane vW equal to v'W at an angle of 40® with v^w, ; 
from t? as a centre with a radius vw^ describe an arc of a circle 
meeting a line drawn from W and parallel to AB in w. Now 
join VW ; from w draw tow' at right angles to AB meeting a 
line drawn from W (above AB) parallel to AB in w'; join 
vw\ Then vw is the plan, and vw' the elevation of the line 
V W. We may either obtain the plan and then project the 
elevation from it, as explained, or vice versa, as shown in the 
figure. This pix)blem is required in projecting shadows. 



SECTION IL 

PROJECTIONS OP PLANE AND SOLID OBJECTS; 

62. Projections of a Plane Pigura — The projection of a 
plane figure upon a plane is the figure made up of the projec- 
tions of aUthe lines of that figure. 

Let HKON, fig. 63, Plate IV., represent a rectangular 
surface in front of the vertical, and above the horizontal 
plane; the lines HN, KO, and therefore the surface being 
perpendicular to the latter plane. Produce HN and KO 
meeting the horizontal plane ABCD m h, k; join h, k. 
Then hk is the projection of the surface HKON upon the 
plane ABCD. From H, K, O, and N draw perpendiculars 
to the vertical plane ABEF meeting it in ^', k', o\ and n ; 
join these points. Then h'k'o'n is the projection of HKON 
upon the plane ABEF. The projection M is the plan, and 
h'k'on the elevation of HKON. 

63. Projections of a Solid. — T/is projection of a solid upon 
a plane is the figure made up of the projections of all the stir- 
faces of that solid. The projections of all the surfaces are 
not seen in any one projection of the solid, but it is often 
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neoessaiy to represent them in the drawing ; in which case 
sach soHaces are represented by dotted lines. We shall refer 
to this later on. 

Let HKL..., fig. 63. Plate lY., represent a prism whose 
base is a square, we will call it for conTenience T. In the 
position indicated the solid is in front of the Tertical plane 
and above the horizontal ; its £Eices are parallel and perp^i- 
dicalar to the co-ordinate planes. Required its projections. 

Produce the lines HN, KO, eta, meeting the horizontal 
plane ABCD in h, k, l, and m ; join these points. Then hklm 
is the projection of T upon the plane ABCD. From H, K, 
O, and N draw perpendiculars to the vertical plane ABEF, 
meeting it in h\ k\ o\ and n ; join these points. Then hllcdrl 
is the projection of Y upon the plane ABEF. The projection 
y is the plan, and y the elevation of Y. 

64. To Draw tiie projections of a Plane Fignre. — A 
rectangle HKON, fig. 63, Plate IV., whose position with 
respect to the co-ordinate planes is the same as that stated in 
Art. 62, page 55, is to be represented in plan and elevation. 
The rectangle is I'S" x 1"; it is \'h^ above the horizontal 
plane, and 3*25" in front of the vertical. The figures are 
drawn to a scale of \. 

Fig. 64, Plate IV. — ^Take any point a in the ground line 
AB, and draw thi-ough it a perpendicular hK ; make oti', ah' 
equal respectively, lb", 3", and ah equal 3-25''. Upon nh' 
describe ike rectangle h'k'o'n, which is the elevation. From 
h draw hk parallel to AB meeting a perpendicular k'k in k, 
then hk is the plan of the rectangle HKON. 

If hklm, h'k' are plan and elevation of a square, we should 
draw the plan first, and project the elevation from it. As 
a rule, that projection of an object which shows its trtLe form, 
that is, a projection upon a plane parallel to the plane of the 
object, should be drawn first, and ^e others projected from it. 

65. To draw the Projections of a Solid. — ^A prism HKL 
..., fig. 63, Plate IV., whose position with respect to the co- 
ordinate planes is the same as that stated in Art. 63, page 
55, is to be represented in plan and elevation. The prism 
is 1 '5'' high, its base is a square of 1" side ; and its distances 
from the horizontal and vertical planes are 1*5", 2*25'^, 

^jMMotively. The figures are drawn to a scale of ^. Draw 
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a line mly fig. 64, Plate lY., 2*25'' from AB, and upon it 
describe the square hldm, which is the plan of the prism. 
From h, k draw hh', kk' perpendicular to AB ; make an, nh' 
each equal 1 'b". Upon n h! describe the rectangle h'k'o'n, 
which is the elevation of the prism. 

66. In Art. 58, page 51, we stated that one of the co-ordi- 
nate planes is turned through a right angle, so that the two 
planes form one plane ; it is usual to assume the vertical plane 
to be turned down to coincide with the horizontal plane, but 
it is quite immaterial which we turn down. To illustrate this 
we have shown in figs. 63 and 64, Plate IV., a prism Y ; its 
plan is marked y, and its elevation y' ; and in figs. 65 and 66 
a similar prism marked Z, z, and z. Figs. 63 and 65 show 
the planes and the prisms in isometrical projection ; figs. 64 
and 66 show them in orthographic projection. 

If we assume the vertical plane to be turned down, then the 
prism would occupy the position shown in fig. 67, which is 
an end elevation of the planes and the object ; BC is the 
horizontal plane, and BE the vertical. The horizontal pro- 
jection is made upon BC, fig. 67, and the vertical one upon 
BE, which is then turned through a right angle into the 
position BE^. The projections are shown in ^g. 64 in the 
positions they would occupy in our drawing ; ABCD is the 
horizontal plane, and ABE^F^ the vertical ; y the plan and 
f/ the elevation of the prism Y. 

If now we assume the horizontal plane to be turned through 
a right angle, keeping the vertical plane fixed ; the projections 
would occupy the same relative positions as before, as shown 
in figs. 66 and 68. AF, fig. 68, is the vertical plane, and AD 
the horizontal, which is turned into the position ADj. The 
projections are shown in their usual positions in fig. 66; 
ABCjDj is the horizontal plane and ABEF the vertical ; z 
the plan and z the elevation of Z. 

The plans and elevations in figs. 64 and 66 are similar in 
every respect; it is therefore immaterial which of the co- 
ordinate planes we assume as turned to coincide with the 
other, but it is usual to consider the horizontal plane as the 
fixed one. The relative positions of the two planes before 
and after rotation is shown more clearly in figs. 63 and 65, 
and as the same letters of reference are used for these as for 
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figs. 64, 66... 68, the student can refer to the description of 
the latter figures. The plan and elevation of Y, after rotation 
of the vertical plane, are shown in fig. 63 by hklnif h\k\o\n\j 
respectively. The plan and elevation of Z, after rotation of 
the horizontal plane, are shown in fig. 65 by PiJ^f^s^, p'q't'uy 
respectively. To understand this part of the subject thoroughly 
we advise the student to make a cardboard model of the planes 
which will greatly assist him in his study. 



SECTION IIL 

THE TERMS PLAN, ELEVATION, AND SECTION — POSITIONS 
OF THE VARIOUS PROJECTIONS. 

67. Plan, Elevation. — There are several terms used to 
denote the dijfferent projections of an object which we will 
now explain ; and we may observe that there is some difference 
of opinion respecting the relative positions of the projections 
of an object. In the present book we have adopted that 
which we consider to be the simplest and most natural dis- 
position of these projections, and we request the student to 
pay particular attention to the explanation given, as he will 
then have no difficulty in determining the position for any 
projection of an object he may have to make. 

68. Figs. 6 9... 7 2. — ^These figures represent in elevations 
and plan a prism, whose base is a square, resting on the hori- 
zontal plane ; on three faces are pkced small prisms differing 
in length and height, producing an object not symmetrical, 
as better suited for our purpose. 

Fig. 69 is a PUmy that is, a projection upon a horizontal 
plane ABCD. Fig. 70 is an Elevation, that is, a projection 
upon a vertical plane ABCD". Figs. 71 and 72 are also 
elevations. 

Fig. 70 is a Front or Longitudinal Elevation; figs. 71 and 
72 are End or Side Elevations. The term "view" is some- 
times used instead of " elevation." 

These terms are applied to the representations of the object 
as a whole, and not with respect to its individual parts ; for 
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instance^ we may have in one projection of a machine nuts 
in various positions, as plans and elevations, but these latter 
terms apply only to the individual parts and have nothing 
whatever to do with the object as a whole. Again, the terms 
plan and elevation of an object apply simply to the one fixed 
position of that object ; that is, if we change the position of 
the object then the plan and elevation change also, and the 
elevation may become the plan, and the plan the elevation. 

69. Section, — If cm object is cut by a plane the aurfaee 
made by the cutting plane is called a section; for every section 
thus made we have a second simila/r section. Sections are made 
for the purpose of representing parts of an object, or a combi- 
nation of objects, which could not otherwise be seen. In 
making our drawings we generally project the section upon a 
plane parallel to the section plane so as to show the true form 
of the section ; if the section contains many separate pieces 
or objects, then we make a section of the whole according to 
circumstances, and of course some of the pieces cut by this 
common section plane may not have their true form repre- 
sented in the projection. Generally, we have data which 
enables us to represent the sections of objects without actually 
making the sections ; we therefore assume the section as made, 
and proceed to make our drawings from the known data. 

The disposition of the various sectional projections is the 
same as if they were ordinary projections; following the 
order of Art. 68 we have Sectional Plan, Longitudinal Sec- 
tional Elevation, and Sectional End Elevation or Cross Section, 
We shall frequently use these terms, and to give the student 
a few simple examples of them refer him to figs. 81, 82, 83, 
and 84. Sectional surfaces are usually distinguished from 
other surfaces by drawing diagonal lines across them, as in 
figs. 154, 155, etc. ; other examples may be seen in the 
working drawings accompanying this work. 

70. Positions of the Projections. — In the articles on pro- 
jection we have defined what a projection is; in Art. 63, 
page 55, we have defined the projection of a solid, and in 
Art. 65 shown how to draw the plan and elevation of that 
solid. We now wish to show that our disposition of the 
several projections of an object is consistent with the defini- 

n of projection we have given. Suppose an object, the 
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prism before giv^i, rests npoa a horizontal plane ABCD; if 
now we let fall perpendiculars from every point of the object 
upon that horizontel plane (or any plane parallel to it), we 
obtain a projection of the object, which is odled a plan. The 
eye of the observer when looking at the object in the position 
named is above the object, and the plane hehw it, so that we 
have these three in the following order: observer, object, 
projection, the object coming between the observer and the 
plime of projection. If now we wish to have a vertical pro- 
jection of the object as seen from the position £, fig. 69, we 
erect a vertical plane at any conveni^it distance on the 
opposite side of the object to that occupied by the observer, 
say at AB, and project an elevation upon it, then turn the 
vertical plane through a right angle so that it coincides with 
the hoiizontal plane ; the vertical plane will then be repre- 
sented by A.BC"D", and the elevation of the object by fig. 70. 
Suppose we wish to see the form of the object, as seen from 
a position F ; erect a vertical plane, as AD, and project an 
elevation upon it, then, for convenience, turn this new 
vertical plane into the position AD', so as to coincide with 
the original position of the vertical plane AB. Then turn it 
down through a right angle so that it shall coincide with the 
altered position of the vertical plane AB, and with the hori- 
zontal plane ABCD; the position of this new elevation will 
obviously be that shown by fig. 71. 

Again, suppose we wish to have an elevation of the object 
as seen from G; erect a vertical plane at BC, and project an 
elevation upon it; turn the plane into the position BC\ and 
then turn it to coincide with the horizontal plane and we 
have this new elevation as shown in fig. 72. 

71. We trust these examples will be sufficient to clear up 
any difficulty the student may meet with in ordinary projec- 
tions; but before leaving this part of our subject we must 
refer to figs. 73... 75, as they exhibit a disposition of the 
projections which is sometimes employed. Figs. 73 and 74 
occupy the same relative positions as figs. 69 and 70; fig. 76 
is exactly similar to fig. 71, but its position relatively to ^g. 
73 is not the same as that of fig. 71 to ^g, 69. Instead of 
turning the plane AD to coincide with AB and then turning 
it down along AD' into the horizontal plane, it is turned from 
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its first position AD into the horizontal plane, giving the 
elevation as shown by fig. 75. 

The different changes of the planes which we have enu- 
merated do not really take place in our actual drawing, but 
they must be considered mentally by the draughtsman as if 
they did take place; a little practice will enable the student 
to dispose of any difficulty that may arise under this head. 

72. In the previous articles we have assumed the existence 
of an object from which we obtained the different projections, 
but in designing a machine we do not possess such an object, 
for it is our aim to produce drawings from which the machine 
can be constructed. However, so far as regards the disposi- 
tion of the projections, it is immaterial whether the object 
exists or not, as the same order is observed in both cases. If 
we have a plan, as fig. 69, and an elevation, as ^g, 70, and 
we wish for another elevation, such as would be seen by 
looking at the object from a position F, fig. 69, or H, fig, 70, 
we project the new elevation as shown by the construction 
lines, and place it in the position shown by ^g. 7L If we 
require an elevation as would be seen from G, ig, 69, or K, 
&g. 70, we project it as shown by the construction lines and 
obtain fig. 72, which is the required elevation. The con- 
struction lines fully explain how ^g. 75 is obtained from figs. 
73 and 74, 

If the longitudinal elevation is of considerable length and 
we require an end elevation as seen from H, fig. 70, or a cross 
section made by a plane near to the end H, then we may in 
exceptional cases place the required elevation or section in 
the place occupied by fig. 72, instead of that occupied by ^g, 
71; but it must be observed it is an exception made for 
convenience only, and should not be employed but under 
exceptionable circumstances. 



SECTION IV. 

EXTENSION OF THE PLANES, 
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*73. Hitherto we have considered the horizontal and vertical 
lanes as two surfaces at right angles, and terminating in one 
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direction in a common line, the line of intersection AB, and 
indefinite in the other direction. With such planes all our 
plans would appear below AB, and elevations above it. But 
there are cases in which one projection is represented in a 
drawing as crossing another; that is to say, a portion of a 
plan may be above AB, or a portion of an elevation may be 
below AB, or a portion of each may be on the side AB 
opposite to that which it usually occupies; and further, the 
plan and the elevation may change places. We will now 
proceed to explain how this happens. Instead of our planes 
terminating in AB, we shall take two planes intersecting in 
a common line AB and extending indefinitely in both direc- 
tions, as shown in figs. 76... 78, Plate IV. 

Figs. 76... 78, Plate IV.— In fig. 76, ODDjCi is the hori- 
zontal plane, and EFFjE^ the vertical plane; this figure is 
in isometrical projection. Fig. 77 is an end elevation of the 
planes, showing the relative positions of a number of lines 
with respect to those planes; DDj is the horizontal plane, 
and FF^ the vertical plane. Fig. 78 is a front elevation of 
the planes, with the plans and elevation of the lines as they 
are represented in our drawings, and in the following examples 
this figure must be referred to for plans and elevations. In 
this figure we have assumed, for convenience, the vertical 
plane to be fixed, and the horizontal plane to be turned to 
coincide with it, 

74. Let HK represent a line above, perpendicular to, and 
touching, the horizontal plane, and in front of the vertical 
plane, then A is its plan, and h'k' its elevation. 

Let LM represent a line below, perpendicular to, and 
touching, the horizontal plane, and in front of the vertical 
plane, then ^ is its plan and I'm its elevation (^ is in Tm'). 

Let NO . represent a line above, perpendicular to, and 
touching, the horizontal plane, and behind the vertical plane, 
then n is its; plan, and no its elevation {n and n coincide). 

Let PQ represetit a line below, perpendicular to, and touch- 
ing, the horizontal plane, and behind the vertical plane, then 
^ is its plan, and p'q' its elevation. 

Let KS represent a line inclined to both planes, which 
passes below the horizontal plane, and behind the vertical, 
then ra is its plan, and rs its elevation. 
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76. In the above examples we have for every change of 
position of the object, with respect to the planes, a change in 
the position of its plan and elevation. It will not be difficult 
to account for this if the student has a clear idea of projection, 
of the position of the planes, and of the change of their posi- 
tion, which enables us to represent them on a sheet of paper. 
It will be seen by referring to fig. 78 that the pUma of two 
of the lines, NO and PQ, are above AB; and die devabumi 
of LM and PQ are below AB. 




SECTION V. 

TBACES OF LINES, SURFACES, AND SOLIDS. 

76. It is sometimes more convenient to refer to the traces 
of a line, surface, or solid, than to its projections; and as we 
use traces more or less in all our drawings, though they have 
hitherto seldom received that name, it will be advisable to 
define the term and give a few examples. 

77. Trace of a Line. — The trace of a line ia the point of in- 
tersection of the line with a plane; if the line does not touch 
the plane to which it ia referred^ then the trace ia the point in 
which it would meet it if it were prodiiced. We speak of the 
tracea of a line, surface, or solid, when they are referred to 
the co-ordinate planes. 

If a line be parallel to the vertical plane, but not to the 
horizontal, it has one trace, on the horizontal; if it be 
parallel to the horizontal, but not to the vertical, in this case 
it has only one trace, on the vertical; if parallel to both planes 
it has no trace. Hence we see the distinction between 
traces and projections, for we can always obtain prqjecPiona 
of a line, but not always trcicea. The following example will 
perhaps explain this distinction : — Suppose we have a shaft 
which is inclined to a surface, say a wail, but does not meet 
it, and we wish to indicate the point in which the centre line 
of the shaft would meet the wall. 

Let ab and a'b', fig. 79, represent the plan and elevation, 
respectively, of the shaft, cd, dd' its centre line; and ef the 
ilan of the walL 
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Let the centre line meet the wall, as shown by its projec- 
tions c and c\ then c is the vertical tmce, and e the plan of 
that trace. 




Fig. 79. 

Examples of traces will we found in figs. 60, 62, and 76. 
In fig. 60, h is the horizontal ti-ace of HK; t the vertical 
trace of LM ; the line NO has no trace, because it is parallel 
to the co-ordinate planes. In fig. 62, r is the horizontal trace 
of SR; y' the vertical trace of UTj v the horizontal trace of 
WV. 




Fig. 80. 
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In £^ •'^^ K. L. O. »zji P. w bormmtd traces; T is the 
TenicftL aimI IT iLe ikJriKui^aL tr&ce of KS; its projections 
ate r* ^rA r*. 

7& Trace of & Plise — Ti^ trwa or a plaiu is the line of 

Let a pi:*!^ A. Cj:. S«X meef the co-oidinate planes in the 
Iin«$ ki and rC then it is the horix^ntal, and rt the vertical, 
trace of the plane A. 

79. Trmee of & Solid. — Tlf truce of a soiiJ t» the figure 
jorthtd f-y tii iiiSer»itxiK-H* vfuu #irr'iiofi» of that solid wit/i a 

The additions made to the traces of a line. Art 77, apply 
also to those of planes and soIid^s. 

Let a solid B. ng. S0« meet the coordinate planes in abed 
and abed", then hcckI is the horizontal, and a'b'ca the ver- 
tical, trace of the ^oiid B. 
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GEOMETRICAL SOLIDS HAVING CURVED SURFACES, AND THEIR 
SECTIONS — THE SPHERE, THE CYLINDER, AND THE CONE. 

80. We shall apply the term solid to all objects or bodies 
having volume whether they are solid or hollow. 

81. The Sphere. — A spliere is a solid whose surface is 
generated by the revolution of a semicircle about its diameter, 
that diameter reinaining Jioced in position during the motion. 

Figs. 81 and 82. — These figures represent in two elevations 
a sphere generated by the semicircle a^ib; the centre o of the 
semicircle is the centre of the sphere, and a radius of the 
semicircle, as oc, is a radius of the sphere. Every projection 
of the whole sphere is a great circle, that is, a circle of the 
same radius as the generating semicircle. 




Fig. 81. Fig. 82. 

All sections of the sphere are circles; if the section plane 
passes through the centre, the section is a great circle; if the 
section plane does not pass through the centre, the section is 
a small circle. In fig. 81,* cc is a section plane drawn at right 
angles to ab, the line cc is bisected by ab at the point e; ec 

* Figs. 82, 84, 85, 86 are not drawn in section in order that the 
lettering may appear distinct and plain. 
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is the radius of the circle which is the section made by the 
plane cc. Fig. 82 is a projection of fig. 81 upon a plane at 
right angles to the plane of the latter, and parallel to the 
section plane. The projection of a section of the sphere upon 
a plane making an acute or an obtuse angle with the section 
plane, will be considered in the articles on the cylinder. 

82. The Cylinder. — A cylinder is a solid whose surface is 
generated by a straight line which moves pa/raMel to itself, a/nd 
always passes throtigh a given curved line; if tJie curved line 
is a circle and the generating line is perpendicular to the plane 
of the circle, tJie cylinder is a right circula/r cylinder; or a 
right circular cylinder is generated by the revolution of a 
rectangle about one of its sides, which remains fixed in posi- 
tion during the motion; the fixed side forms the axis of the 
cylinder. Fig. 84. 



B \^' 




Fig. 8a 
Figs. 83 and 84. — These figures represent in plan and 
elevation a right circular cylinder standing with its base upon 
A horizontal plane ; the plan is a circle, and the elevation a 
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rectangle. The sides of the rectangle which are parallel to 
the axis of the cylinder we shall, for brevity, call sides of the 
cylinder, for we may assume the cylinder to be a prism of an 
infinite number of sides. There are other projections of the 
cyUnder besides the two named, as oblique projections, and 
sections; we will enumerate the different sections of the 
cylinder, which may be classed under four heads, as follows : 
— Circular, rectangular, elliptical, and a combination of these 
according to the position of the section plane. 

I. If the cylinder is cut by a plane, as aa, ^g. 84, parallel 
to its base, the section is a Circle of the same diameter as the 
cylinder. 

II. If the section plane, as 66, fig. 83, is perpendicular to 
its base, the section is a Rectangle, BBBB, fig. 84. 

III. If the section plane, as cc\ fig. 84, is inclined to the 
base and passes through the sides, the section is an Ellipse^ 
CC'CC, fig. 85, whose axes are cc, fig. 84 and the diameter 
of the circle. 

IV. If the section plane, as d'd\ fig. 84, is inclined to the 
base and passes through it or the other end, the section, fig. 
86, is made up of a straight line and a portion of an ellipse. 

All projections of the cylinder will be included in the 
sections given above; and as the first two require no further 
instructions to enable the student to draw them, we will give 
examples of the third, viz., the ellipse. In Arts. 44... 48, 
pages 42, 43, we have given several methods of drawing an 
ellipse; there is, however, one which is very useful where 
construction lines are employed, to which we will now refer. 

83. To determine points in an ellipse, which is the projec- 
tion of a circle upon a plane inclined to the plane of the circle 
at an angle other than a right angle. 

Figs. 87... 91, Plate II. — ^The circle, of which the ellipse 
is a projection, may be any circular section of the sphere, 
cylinder, or cone. Let A' 12, fig. 89, represent the plane of 
the circle, and B 12 the plane upon which the circle is to be 
projected. Assume the plane of the circle A' 12 moved to 
coincide with A 12, at right angles to B 12; describe the 
circle, ^g, 87, and divide it into any convenient number of 
equal parts, divisible by 4. At a convenient distance below 
BB draw 66, as a centre line for the ellipse; produce the 



70 MACHINE CONSTRUCTION AND DRAWING. 

centre line 6 12, fig. 87, meeting hb in a; from a as a centre 
describe a circle equal to fig. 87, and divide it into the same 
number of equal parts. From each point in the circle, fig. 
87, draw lines parallel to BB meeting 12 A in points, 1, 2, 
3, etc.; from the point 12, fig. 89, as a centre, make 12 — 1 
1 — 2, etc. in 12 A' equal to the corresponding distance in 12 
A. Draw lines from 12, 1, 2, etc., in 12 A' at right angles to 
BB, meeting perpendiculars to these drawn from 12, 1,2, etc., 
fig. 88, in the points XII, I, II, etc., fig. 90. Through the 
points XII, I, II, etc., thus obtained draw the curve, which 
is the required ellipse. It is not necessary to draw both figs. 87 
and 88, either of them may be drawn, and then the I'equired 
points obtained from the one drawn; we have shown both figures 
simply to make the construction clearer. Fig. 91 shows a pro- 
jection upon a plane oblique to both the co-ordinate planes, and 
is a further example of the method described; the trace of the 
plane of projection is represented by CD, and the circle remains 
at the same inclination to the horizontal plane BB as before. 
As the drawing is similar to the former figure we need only 
refer the student to the construction lines. 

84. The Cone. — A cone is a solid whose surface is generated 
by a straight line, which always passes throtigh a fixed point 
and through tJie arc of a curve given in magnitude a/nd posi- 
tion; the fixed point is the vertex, and the curve the base; or 
tJie cone is a solid, the surface of which is generated by the 
revolution of a right-angled triangle about one of its sides, 
which remains fixed in position during the motion, tlie fixed 
side forming the aais of the cone. 

Figs. 92 and 93. — These figures represent in plan and 
elevation a right cone, that is, one whose base is a circle and 
whose axis is at right angles to that base. 

The plan is a circle afh, the elevation is an isosceles 
trisLTiglef^vh', the base /'A' of which is equal to the diameter 
of the circle fh, and the lines v'f, vK are each equal to 
a straight line joining the vertex or apex v with a point in 
the circumference of the base. The lines vf, vh', are the 
projections of vf, vh, fig, 92, which, being parallel to the 
plane of projection of fig. 93, are represented in their true 
length, while v'a! , a projection of va, is considerably shorter 
than "o'f. The length of projections of lines on the surface 
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of tie cone passing through the vertex v, and terminating in 
the circumference of the base, will vary between v'f and v'a\ 
We shall for shortness 
call Uie boundary lines 

v'f, v'h' sidea oi the 

There are five difier- 
ent kinds of sections of 
the cone, as follows : — 

I. If the section 
plane, as a'v, contains 
the axis (and is there- 
fore at right angles to 
the base in a right 
cone) the section is an 
Igosceleg triangle fv'li. 

II. If the section 
plane, as 6'6', is parallel 
to the base, and passes 
through the sidea, the 
section is a Cirele bbb. 

III. If the section 
plane, as c'e', passes 
through opposite sidea 
and makes an angle 

Fig- 92. with the base, the sec- 

tion is an Ellipse, of which ccc is a projection. 

IV. If the section plane, as «'s', is parallel to one side, the 
section is a Parabola, of which e e e ia a, projection. 

v. If the section plane, as (Pd', is at right angles to the 
base and does not contain the axis, the section ia a Ilyperbda, 
fig. Ill, Plate YI. 

The drawing of sections I. and II. requires no explanation, 
■we shall therefore pass on to the others, and take them in 
the order given. 

8S. Figs. 94. ..96, Plate V.— The Ellipse. Let the circle a 
6, fig. 94, represent the plan, the triangle 0' v 6', fig. 95, 
the elevation, and c' c* the section plane of a given cone, 
whose axis is u'v and base a 6. 

Divide the circumference of the circle a 6 into any con- 




72 MACHINE CONSTRUCTION AND DRAWING, 

venient number of equal parts, divisible by 4, join each of 
these points to v; from 0, 1, 2, etc., fig. 94, draw lines parallel 
to 3v' meeting the base, fig, 95, in 0', T, 2', etc., and join each 
of these points to the vertex v'. The lines vO, vl, v% etc., 
and V 0', v\\ v'2', etc., are the projections of a number of lines 
on the surface of the cone, each of which is cut by the section 
plane cc ; the points in which these lines are cut by the 
section plane are marked 0, I, II, etc,, O...VI, fig, 95, is 
an elevation, and O...VI, fig. 94, a plan, of the section; 
but neither of these shows the true form of section, that is, 
the form we see when looking at the section in a dii'ection 
perpendicular to its surface. Fig. 96 shows the required 
section, which is obtained from figs. 94 and 95; the construc- 
tion lines will explain how to draw the figure, except perhaps 
in one or two points to which we will now refer. 

In drawing the projection of the section, fig. 94, the dis- 
tance V III is made equal to e III, fig, 95, which is a line 
drawn through III parallel to the base ; a circle of a radius 
e III would be the section of a cone made by a plane passing 
through III and parallel to the base. The line O...VI, fig. 
95, is the major axis. The minor axis BB, fig, 96, can be 
obtained thus — bisect O...YI, fig. 95, in h' ; join the vertex 
V with }/ and produce vh' to meet the base in a' ; from a draw 
a' a a parallel to 3V meeting the plan of the base in a, a. 
Join av, av ; make vb, vh, in av, av, each equal to one-half 
d'd', l^g, 95, which is drawn through h' parallel to 0' 6'; join 
hh, which is the minor axis. The ellipse, fig, 96, may be 
drawn as shown by the construction lines, or by one of the 
constructions given in Arts. 44-48, pages 42, 43, 

86. Figs. 97 ... 99, Plate V.— The Parabola, Let the circle 
ee 6, fig. 97, represent the plan, the tidangle 0' v 6', fig. 98, 
the elevation, and ee' the section plane, which is parallel to 
0' v' of a cone whose axis is v v and base ee 6. 

Draw a number of lines on the surface of a cone as in Art. 
85, and mark their projections in fig. 97 vO, vl, v2, etc. ; and 
in fig. 98, v'O', vV, v"2,\ etc. The plan of the section is marked 
ee...VI...e, its elevation e ...e\ and its true form E...VI...E, 
fig. 99. The drawing of these figures should present no 
difficulty as the construction lines show clearly how the points 

the curves are obtained. 
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87. Figs. 97... 101, Plate V.— The Hyperbola. The section 
plane is represented by d d, figs, 97 and 100, and by d' VI, 
fig. 98. Fig. 100 is a plan of half the cone, the section plane 
being parallel to the vei-tical plane upon which fig, 101 is 
projected. 

Lines are drawn npon the snrface of the cone as in the 
previous cases; their pix)jections v4, v5, t;6, etc., tig. 100, ai-e 
cut by the section plane d d in points lY, V, VI, etc. The 
curve D...VI...D, fig. 101, is drawn through the projections 
of the corresponding points in fig. 100, as shown by the con- 
struction lines. The plan of the section is a straight line dd, 
Gg. 100 j its elevation as seen in fig. 98 is also a straight line; 
its true form is shown in fig. 101, which is a projection on a 
vertical plane at nght angles to the plane upon which fig. 98 
is pixxjected. 

88. The student should notice the different methods cm- 
ployed in projecting the sections, figs. 96, 99, and 101. Fig. 
96 is obtained from the projections of the points of intersec- 
tion of the lines on the surface of the cone with the section 
plane, the elevation being turned inta a horizontal plane 8C, 
and then the figure projected from it and fig. 94. 

Fig. 99 is obtained in a similar manner, except that the 
figure is projected from the elevation direct, instead of from 
the plan, as in fig. 96, the horizontal distances being projected 
from fig. 97 upon a plane sp, which is then turned into the 
position ap', perpendicular to the section plane ee, and the 
figure projected as shown. 

Fig. 101 is obtained in the same manner as the two 
previous figures, except that the plan is turned into such a 
position that the section is parallel to the plane of projection 
of the figure; the points in the curve, except D,D, and VI, 
are projected on to the lines on the sui-face of the cone from 
fig. 100. 

In drawing such sections as the preceding, the student 
must use his discretion in selecting which method to adopt, 
as it will depend upon the relative proportions of the cone, 
and th(B position of the section plane, which is best. The 
sections of the cone may also be obtained by taking a 
number of horizontal section planes cutting the given section 
plane. 
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SECTION n. 
Intersections or Penetrations. 

89. When the surfaces of two or more solid bodies are 
brought into contact, or when one parses through another, the 
bodies are said to form intersections or penetrations. The 
line in which the surfaces meet is called tlie line of intersection. 

Cases of intersection are of constant occurrence in details 
of machinery, and in other constructions. As the drawing 
of the intersections of curved surfaces is more difficult than 
of those having plane surfaces, we shall confine the examples 
chiefly to the former. 

90. Intersection of Cylinders. — The section of a right 
circular cylinder made by a plane containing its axis is a 
rectangle whose sides are equal to the length and the diameter 
of the cylinder. All sections parallel to the section contain- 
ing the axis are rectangles, having for a common side the 
length of the cylinder, and for the other side the chord of the 
circle, cut ofi* by the section plane. 

91. To draw a projection of the line of intersection of two 
equal cylinders whose axes are at right angles, and are in tlie 
same plane. 

Figs. 102 and 103, Plate Y. — The projections of the axis 
are marked a, a a',b b, b' b'; and the plane containing these 
axes is parallel to the plane of projection of fig. 103. The 
left-hand half of ^g. 103 shows the projection of the line of 
intersection, which is numbered 0... III... VI; it consists of 
two straight lines at right angles to each other, and is to be 
obtained as follows : — 

Divide the semi-circumference of the vertical cylinder 3, 0, 3, 
^g. 102, into any convenient number of equal parts, divisible 
by 2 ; and number the points 0, 1 , 2, etc. From any point 
6' in the axis b' b', l^g. 103, describe a semicircle 0, 3, 6, and 
divide its circumference into the same number of equal 
parts as 3, 0, 3, ^g. 102. Through 0, 1, 2, etc., fig, 103, draw 
lines parallel to b' b', meeting lines drawn from 0, 1, 2, etc., 
^g, 102, parallel to a a', in points 0, I, II, etc. Join 
0... III... VI, which is the required projection of the line of 
intersection ; there will be a similar line on the back half of 
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the figure. If one of the cylinders is assamed to pass through 
the other there will be similar lines to O...YI on the right- 
hand half of fig. 103. 

92. To draw a projection of the line of intersection of two 
equcd cylinders whose aoces contain an angle other than a right 
angle, hut are in the same plane. 

Figs. 102 and 103, Plate V.— The right-hand half of fig. 
103 shows the required projection, which is numbered 
0... III... VI. The construction lines show clearly how the 
line is obtained, the method employed being similar to that 
used in the previous example. It will be unnecessary to 
work out these two constructions after having mastered the 
principle employed, as the lines can be drawn at once with- 
out any construction lines. 

93. To draw a projection of tlie line of intersection of two 
unequal cylinders wlwse axes are at right angles and are in 
t/ie same plane. 

Figs. 104 and 105, Plate Y. — ^The projection of the axes 
of the cylinders are marked a, aa; bb, b'b' ; and the plane 
containing these axes is parallel to the plane of projection 
of tig. 105. The right-hand half of &g, 105 shows the 
required projection, which is numbered O...VI, and is 
obtained as follows : — At any point 6, fig, 104, in the axis 
bb of the smaller cylinder describe a semicircle 3, 0, 3, of a dia- 
meter equal to that of the cylinder, and from any point b' in 
the axis b'b', fig. 105, describe a semicircle 0, 3, 6, of the same 
diameter as 3, 0, 3. Divide the arcs of these equal semicircles 
into the same number of equal parts and number them as 
shown. From each point, 0, 1, 2, etc., in the semicircle, fig. 
104, draw lines parallel to bb, meeting the circumference of 
the larger cylinder in the points 0, 1, 2, etc.; from these 
latter points draw lines parallel to the axis a a', meeting lines 
drawn from 0, 1, 2, etc., fig. 105, parallel to b'b\ in 0, I, II, 
etc. Join 0...YI, which is the required projection of the 
line of intersection ; there will be a similar curved line on 
back half of the larger cylinder. If the smaller cylinder 
passed through the larger one there would be curved lines 
corresponding to Q...YI on the left hand of fig. 105. 

94. To draw a projection of the line of intersection of twa 
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unequal cylinders whose axes contain an angle other than a 
right angle, bat are in the same plane. 

Figs. 104 and 105, Plate V.— The left-hand half of ^g. 
105 shows the recjuired projection, which is numbered 0. . .VI ; 
the method employed to obtain the curve being similar to 
the preceding example, the student will be enabled to find 
it without further explanation. 

95. The principle employed to obtain the projections of 
the lines of intersection in Arts. 90-94 can be used for prisms, 
and, by extending the principle, for other solids. To obtain 
the line of intersection we have assumed a number of section 
planes, parallel to the plane containing the axes, passing 
through the intersecting cylinders \ each of these planes will 
cut the cylinders in points common to both, which will be at 
the intersection of the lines which form the boundaries of 
the section. By taking a number of sections we can obtain 
a corresponding number of points through which to draw the 
line of intersection. The section planes are represented by 
1, 1; 2, 2, etc., fig. 102; and by 1', 5'; 5', V; 2', 4'; 4', 2', 
etc., fig. 103. 

Again, the intersections of the section planes with the 
surfaces of the cylinders will be lines on their surfaces paral- 
lel to their axes. And the point in which a line on the one 
surface meets a corresponding line, that is, a line made by 
the same plane on the other surface, is a point in the line of 
intersection. Through a number of pointe thus obtained the 
line of intersection is to be drawn. We can obtain the same 
result by drawing a number of lines, generally equidistant 
from each other, on the intersecting surface, and finding the 
points where these lines meet the intersecting surface ; then 
through the projections of these points draw the line of in- 
tei*section, as shown in figs. 104 and 105. 

In figs. 102, 103, and 104, 105, the two methods just 
stated may appear synonymous, and in a sense they are so; 
but the student will find a greater distinction in the two 
methods in the case of surfaces which are not cylindrical. 
The same principles apply to the following example : — 

96. To draw a projection of the line of intersection of two 
unequal cylinders, the projection of lohose axes contains an 
cmgle other than a right angle, and is not in the same plane. 
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Figs. 106 and 107, Plate YI. — The projections of the axes 
of the cylinders are marked a, a'a ] hb^ h'h'\ and the planes 
containing these axes are parallel to the plane of projection 
of fig. 107. In the previous examples the lines of intersec- 
tion were symmetrical curves, but in the present example 
the curve is not symmetrical, as will be seen by referring to 
its projection, which is numbered O...XI, fig. 107. The 
back half of the line of intersection is shown by a dotted 
line ; and, as we should expect from the position of the inter- 
secting cylinder, it is not similar to the front half. The 
curve on the right hand of fig. 107 is similar to the one on 
the left. As the construction is similar to that employed for 
figs. 104 and 105, we refer the student to those figui*es for 
further explanation if it is required. 

97. To draw a projection of the line of intersection made by 
a cone passing through the cwrved surface of a cylinder. 

Figs. 108 and 109, Plate VI. — The projections of the axis 
of the cylinder, which is vertical, are marked a, aa\ and 
those of the cone, bb, b'b^; the plane containing these axes 
is parallel to the plane of projection of fig. 109. In this 
example we have taken the axes in the same plane, but not 
at right angles to each other ; the principal can be applied 
to the other cases, as may be seen by referriag to the inter- 
section of cylinders in the previous articles. 

Upon the line 06, fig. 109, which represents the base of 
the cone, describe a semicircle with that line for its diameter; 
divide the semicircle into any convenient number of equal 
parts, say six, and number them as shown. Draw 1, 1; 2, 2; 
etc., parallel to the axis b'b' and meeting 0, 6 in the points 1, 
2, etio.; from these points draw lines to the vertex b'. Draw 
the plan, fig. 108, of the base of the cone as shown, and from 
0, 1, 2, etc., in the base, draw lines to the vertex b ; from 
the points in which these latter lines meet the surface of the 
cylinder, as represented by the circle in the figure, draw lines 
parallel to aa' meeting lines drawn from corresponding 
points in fig. 109, in 0, I, II, etc. Through these points 
draw the curve 0...VI., which is a projection of the line of 
intersection on the left-hand side of the cylinder. The curve 
on the right-lmnd side is obtained in a similar manner ; and 
the curves on the back of the cylinder are similar to those 
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shown, because the axes of the cone and cylinder are in the 
same plane. 

98. Intersections of Cones. — All sections of a right cone 
made by a plane passing thi'ough its vertex and its base are 
isosceles triangles ; the lengths of the projections of the sides 
of these triangles will vary between v'f and va!^ ^^,, 93, p. 71, 
and the bases between y'A' and naught. Where a cone is the 
intersecting or intersected body we assume a number of such 
section planes made to enable us to obtain the line of inter- 
section; in figs. 108 and 109 we have used this method. 
We may also assume a number of lines to be drawn on the 
suiface of the intersecting cone, as mentioned for the cylin- 
ders, and so obtain the line of intersection; in the latter case 
the lines will represent the lines of intersection between the 
cone and the section planes previously mentioned. 

99. To draw a projection of the line of intersection made by 
a rectangular prism passing through a cone. 

Figs. 110 and 111, Plate VI. — The axis of a cone is ver- 
tical, and its projections are marked av, a'v' ; the prism is 
horizontal, and its ends are rectangular; the axis of the cone 
is in the centre plane of the prism, and this plane is parallel 
to the plane of projection of fig. 111. 

The intersections made by the vertical surfaces of the prism 
are portions of hyperbolas (see Ai*ts. 84 and 87, pp. 70, 73); 
those made by the hoiizontal surfaces are straight lines in 
fig. Ill, and arcs of circles in fig. 110, 

From V, fig, 110, as a centre, describe a circle with dia- 
meter mn, equal to the diameter of the cone along h'c\ fig, 
111, and another of a diameter op) from the points d and k, 
where these circles meet he, draw lines parallel to av\ meet- 
ing b'c and gh' in k'd'. Join mk\ d'o, and d'k\ the latter 
is a ix)rtion of the hyperbola d'Yld\ and join similar points 
on the right-hand side of the figure. Then the required 
lines are mk'd'o, nk'd'p; there are similar lines on the back 
of fig HI, 

100. To draw a projection of the line of intersection made 
by a cylinder passing through a cone. 

Figs. 112 and 113, Plate VI. — The axis of the cone is 
vertical and that of the cylinder horizontal, and both ajces are 
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in a plane which is parallel to the plane of projection of tig. 
113. The projections of the axes are marked av, av \ hh, 
h'h\ In this example we have obtained the lines of intersec- 
tion by taking a number of horizontal section planes inter- 
secting the two solids; the sections of the cone made by 
these planes are circles, and those of the cylinder rectangles ; 
the points in which the circle and I'ectangle intersect in each 
plane are points in the intersection. 

Describe semicircles from h and V as centres, of the same 
diameter as the cylinder, and divide them as shown ; from 
each of these points draw lines parallel to 66, h'h\ figs. 112 
and 113. From a as a centre describe circles of diameters 
00, cc^ dd, etc., which will represent sections of the cone 
made by the horizontal planes ; the points where each circle 
meets the rectangle, fig. 112, made by the same plane, are 
points in the line of intersection. The projection of the line 
of intersection in fig. 113 is marked O...VI., and in tig. 112 
by 0...VI...1II...0; the right-hand half of ^g. 112 shows 
the whole line of intersection, half of which is dotted. There 
are lines similar to O...VL on the back of fig. 113. 

We have now given some of the more common cases of 
intersection which occur in details of machinery, and have 
laid down suuh principles as should enable the student to 
draw any ordinary case of intersection he may meet with in 
such details; however, all special cases that occur in the 
constructions illustrated in this book will be explained. 



SECTION III. 

DEVELOPMENT OF SURFACES. 

101. If the surface of a solid or hollow body he unfolded so 
as to represent a plane surface, that surfa^ce is called a develop- 
ment or envelope of the body. Developments are required in 
many branches of engineering ; for example, the plates of a 
boiler when set out, and before they are bent to the required 
shape, represent the development of the boiler. The aper- 
tures for the dome, man-hole, etc., on the curved surface of a 
boiler, have to be developed, and it will be obvious that, 
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if tliese circles have apertures for their projections, their 
developments will not be circles. We shall consider the 
development of some of the simpler cases of curved surfaces, 
as the right circular cylinder and cone. 

102. Development of Cylindees. — The development of 
the right circular cylinder is a rectangle having for its sides 
the length of the cylinder and the circumference of the circle 
which forms one of its ends ; to this should be added two 
circles equal in diameter to the ends of the cylinder ; but in 
examples that follow we shall simply show the development 
of the curved surface. The rectangle 3'3'33, fig. 114, Plate 
v., leaving out the curved lines, represents iJie development 
of the vertical cylinder of figs. 102 and 103. 

103. To draw the development of a cylinder having apertures 
in its surface. 

Fig. 114, Plate V. — This figure represents the develop- 
ment of the vertical cylinder shown in figs. 102 and 103, in 
which apertures are made by two cylinders equal in diameter 
to the vertical one. One of these cylinders is at right angles 
to the axis of the vertical one, the other is not, but their 
axes lie in the same plane. 

Divide the circumference of the circle, ^g, 102, into any 
convenient number of equal parts, divisible by 2, and obtain 
the lines of intersection O....VI. Make the line 3... 3, fig. 
114, equal to the circumference of the cylinder, either by 
calculation or by setting off small chords of the circle, fig, 102 
(see Art. 10, p. 14); divide this line into the same number of 
equal parts as there are in the circle, and draw perpendicu- 
lars to 3... 3 from each division. Draw the rectangle 3'3'33, 
and from 0, I, II, etc., ^g. 103, draw lines parallel to 3... 3, 
meeting the perpendiculars from 3... 3 in points 0, I, II, 
etc. Join these points and we have the development of the 
cylinder, with its apertures as required ; the right-hand half 
of fig. 114 shows the development of the left-hand aperture, 
^g. 103, and the left-hand half that of the other. 

104. In cutting out developments it is often of considerable 
impoiijance where we make the joint, if that is not decided 
by other circumstances, since either a better form for work- 
ing-up, or a saving of material, may be effected by considering 
this point. In ^g, 114 we have assumed the surface of the 
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cylinder to be cut along the line 3'3', fig. 103, whereas in 
fig. 115 we have assumed it cut along 0'6\ and so we get a 
development with the apertures not disposed in the same 
manner as in the ftMrmer one. 

105. Fig. 116. — ^Another example of development similar 
to the previous case is shown in this figure, where the cylin- 
ders are of unequal diameter. OIVI is the development of 
the right-hand half of the vertical cylinder ; it will be seen 
by what precedes that the distances in fig. 116 are taken 
from 104. 

106. To draw tlie development of a cylinder having aper- 
tures in its surface made by another cylinder passing throu^gh 
it; the aoces of the cylinders being in parallel planes. 

Fig. 117, Plate VI. — The position of the cylinders is 
shown in figa 106 and 107. Draw the lines of intersection 
as shown in these figures, then draw cccc, fig. 117, the 
development of the vertical cylinder, and mark off the points 
in the bottom line, cc, corresponding to 0, 1, 2, etc., fig. 106. 
The construction lines shown should enable the student to 
complete the figure without further explanation. 

107. Development op a Cone. — The development of a 
right cone is a segment of a circle whose radius is equal to a 
straight line joining the vertex with a point in the circum- 
ference of the base ; and the length of the segment is equal 
to this circumference ; to this should be added a circle equal 
in diameter to the base. The segment 060 v\ fig. 120, Plate 
VI., is a development of the cone shown in figs. 118 and 119. 

108. To draw the development of a right cone. 

Figs. 118-120, Plate VI, — Draw the plan and elevation of 
the cone, as shown in figs. 118 and 119 ; from v as a centre, 
with a radius v6f describe an arc of a circle, 060, fig. 120, 
whose length is made equal to the circumference of the base 
of the cone, by .either of the following methods : — 

I. Divide iJie circumference of the base, fig. 118, into any 
convenient number of equal small arcs, say 12, and step off 
along 060, ^. 120, a chord of one of these arcs 12 times. 
Tlien the whole arc 060 will equal (nearly) the circumference 
of the base. The smaller the chord taken the nearer will the 
arc 060 approach its true length ; for all ordinary purposes 
2 F 
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this method may be employed, as the difference between a 
chord and an arc of a small segment of a circle may be made 
very small, and for practical purposes nearly equal ta nought. 
II. Let the angle Ov'O = ^°, the radius cf the base Ot? = a, 
and the length of a side Ot;' = c. Then we have the following 
equation connecting these quantities : — 

t _a 

360"~ c 

Hxample. — Let a = 1, c = 3 ; then — 



360" 
= 120'. 

109. To draw the development of a frustum of a cone. 

Figs. 118-121, Plate VL— We will take two examples: 
for the first, frusta made by the section plane dd, d!d', figs. 
118 and 119 (the section is a hyperbola); and for the second 
those made by the plane eee, e'e (the section is a parabola). 

I. Draw the development of the cone, fig. 120, by one of 
the methods given in the previous article, and having divided 
its circumference into the same number of equal parts as 
there are in the circumference of fig. 118, draw lines from 
the points 0, 1, 2, etc., to v\ From 1, 2, 3, etc., in the base 
of the cone, fig. 119, draw lines to v', cutting the plane d'd' 
in 4*, 5', and VI ; from these points draw lines parallel to 
the base, — 6, meeting v'6 in IV, V, and VT. From v as 
a centre, with radii vlV, vY, and vVI, describe arcs of 
circles cutting the radial lines v'4, v'5, and v'6, fig. 120, in 
the points IV.... IV; through these points draw the curve 
IV... VI... IV, which is a portion of the required curve. 
Make 4D, 4D, ^g, 120, equal U, U, fig. 118, and join 
DIV, DIV; then the line D...VI...D is the development 
of the line on the suiface of the cone made by the section 
plane d'd\ The smaller portion of the development cut off 
by this line is the development of the smaller frustum of 
the cone. 

II. Fig. 121 shows the development of the cone, figs. 118 
and 119, upon which are marked the developments of the 
frusta made by the plane eee, e'e'. The drawing of these 
developments is similar to the previous example, and as the 
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construction lines show clearly how each point is obtained 
we need not give any further instructions, but refer the 
student to the figures, and the explanation given in the 
example named. 

110. In Art. 104, page 80, we referred to the cutting out 
of developments, and, as a further illustration on this subject, 
we have shown, in dotted lines, another arrangement of the 
developments of the frusta of the cone. The line E...YJ...E 
which represents the development of the line on the surface 
of the cone made by the section plane eee, ee\ is the one 
first drawn; the dotted lines E'VI, E'YI, the second 
arrangement, and it will be seen they intersect the first line 
in points, III, III, common to both. We have only shown 
two dispositions of the developments, but, of course, there are 
various ways of arranging them. The accuracy of the curved 
lines in all developments will depend in a great measure 
upon the number of lines used to determine them, but they 
should not be so numerous as to cause confusion; they should 
be more numerous where sudden changes take place in the 
curves. 



CHAPTER Y. 

Motion — Movinff Piecea and their Bearings— Velocity — Ratio— Trans- 
mission of Motion — Elementary Combination of Mechanism— 
Forces — Stress— Strain — Work. 

HI. We have given in the previous cshapters certain prin- 
ciples of drawing which we now propose to apply; but before 
entering upon that part of our subject, it will be advisable to 
consider briefly certain matters directly connected with the 
combined subjects we are now treating, and which can be 
more easily referred to in a collected form. We shall 
therefore enumerate certain laws and data respecting the 
following : — 

The kinds of motion — rectilinear, rotary, and helical — of 
simple moving pieces, and the forms of their bearings. 

The transmission of motion, and various means for chang- 
ing both velocity and direction. 

Elementary combinations of mechanism. 

The kinds of force and stress. 



SECTION I. 

THE KINDS OP MOTION — MOVING PIECES AND THEIB 
BEARINGS — VELOCITY-RATIO. 

112. A body moves uniformly or with a uniform velocity 
when it passes over equal spaces in equal successive intervals 
of time; the rate at which the body moves is called its 
velocity. The units employed for these quantities are feet 
and seconds (minutes are sometimes employed). Let 8 de- 
note the space passed over in feet, t the time in seconds, and 
V the velocity; then 

8-vt (1); 

8 8 

also v=— (2), and^=— (3). 
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If the moving bodj does not pass over equal spaces in 
equal successive intervals of time, the motion is said to be 
irregular or vtiriable. If .the velocity increases, the motion 
is said to be accelerated^ and if the velocity diminishes, to be 
retarded. We may have uniformly accelerated or retarded 
motion. The direction of motion of a body can be represented 
by a line which indicates that direction; thus^ if we say the 
body C, fig. 122, moves in the 
direction AB, we mean it moves 
from A towards R In all works 



on mechanics an arrow is used to ^ ""^^^ ^"""^ 
denote the direction of motion; Fig. 122, 

the point of the arrow showing the direction. 

When a body moves constantly in the same direction or 
pathy it is said to have a continuous motion; if it moves 
alternately backwards and forwards, it is said to have a 
reciproca^ting motion, 

113. Driver and Follower. — ^When motion is transmitte<l 
from one piece to another, either by direct contact, or by 
means of a connecting piece, the piece whose motion is the 
cause is called the driver; and the piece whose motion is the 
effect, the follower. 

The act of giving motion to a piece is termed driving it, 
and that of receiving motion from a piece is termed foUofV- 
ing it. 

114. Moving Pieces — Frame of a Machine. — The moving 
bodies or pieces employed in machinery may be divided into 
two classes : simple or primary, and compound or seconda/ry. 
A primary moving piece is one that is directly connected to 
ihefrcmie of the machine, and has its motion wholly guided 
by its connection with it. An ordinary shaft rotating about 
its axis, or sliding in the direction of its axis, is an example 
of a primary moving piece; the following are also examples, 
the piston-rod, the piston, and the slide-block of a steam 
engine; the loose headstock of a lathe; the table of a plan- 
ing machine. 

A secondary moving piece is one that is not wholly guided 
by its connection with the frame of the machine. The con- 
necting-rod of a steam engine, and links in general, are 
examples of secondary moving pieces. 
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We have nsed the term frame in the sense it is nsuallj 
employed, that is, to denote the piece or combination of 
pieces forming the structure which supports directly the 
primary moving pieces, and indirectly the secondary ones. 
Examples of this term will be found in many parts of this 
book. 

116. Comparative Motion. — ^We have often to compare 
the motion of one moving body or piece with that of another, 
both as regards its direction and velocity; thus, a comparison 
may be required between the motion of the piston and the 
slide-valve of a steam engine, or of any two pieces having 
the same kind of motion. The relation which exists between 
two moving pieces as to direction is called their directional 
relation. If one of the two connected pieces moves in one 
direction, and the other piece moves in the same or in any 
other direction at any given instant, and if they continue to 
move in those directions, or if, when one changes its direc- 
tion the other changes its direction also, their directional 
relation is said to be constant. 

If one of two connected pieces continues to move in a given 
direction while the other changes its direction, the directional 
relation is said to change. 

The ratio of the velocity of one moving piece to that of 
another is called their velocity ratio; thiis let A move with 

a velocity V, and B with a velocity v, then — is their velocity 

ratio. 

Example. — Let A have a velocity of 20 feet per second, 

B of 10 feet per second, then — = ^ = 2 = the velocity ratio 

of A to B; we need scarcely remark that the kind of motion 
of each of the moving pieces considered must be the same. 
The velocity ratio may be constant or varying; examples of 
both will be given. 

In using the term velocity-ratio, it is immaterial whether 
we take the velocity of the driver or of the follower for the 
antecedent of the ratio, providing we are consistent and use 
the one or the other throughout our calculations; we shall 
take the velocity of the driver for the antecedent. 

116. Straight Translation or Bectilinear Motion.— 
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Straight translation denotes motion in a straight line; it 
may be continuous or reciprocating; the latter is the form 
in which it generally occurs in machinery. The piece C, 
£g. 122, moves in the straight-lined direction AB, and is 
therefore an example of straight translation; the motions 
of the piston-rod and the slide-block of a steam engine are 
further examples; in each of these two eases^ the motion is a 
reciprocating one. 

117. Rotation. — Rotation denotes the act of turning about 
a fixed axis, as for example the motion of shafting generally. 
In fig. 123, C is a cylindrical piece rotating about the fixed 
axis AA, whose projections are oa, a'. Botation may be either 
continuous or reciprocating; the latter kind is represented 
by rocking shafts, which are said to oscillate. 





Fig. 123. 

It is usual to express the rate of motion of a rotating 
piece in turns and fractions of a turn per miniUe, in some 
cases a second is taken as the unit of time, a turn being a 
complete revolution of the piece, thus we say a shaft makes 
sixty revolutions or turns per minute. "We may also express 
the rate of motion in terms of the velocity of the perimeter 
of the rotating body, as, for example, we may say, a pulley 
has a perimetral velocity of 10 feet per second. As these two 
methods are connected by a very simple relation, we can 
easily pass from the one to the other. 

The number of revolutions in a given time varies directly 
as the perimetral velocity, and inversely as the radius or 
dia/meter of the wheel or puUey, 

ExmnpU. — A pulley 2 feet in diameter makes sixty 
revolutions per minute, the velocity of its perimeter in feet 
per minute = 60 x 2 x tt, where ^ is a constant, and is the 
ratio of the circumference to the diameter of a circle; there- 
fore, if we reduce or increase the number of revolutions of 
the pulley we reduce or increase its perimetral velocity 



% 
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directly in the same ratio. Again, suppose we increase the 
diameter of the pulley. to 4 feet, how many revolutions must 
the pulley make to have the same perimetral velocity as in 
the first case) clearly one-half. In the first case the peri- 
metral velocity = 60x2x9r, in the second the diameter is 
doubled, and, therefore, the number of revolutions must be 
halved to attain the same velocity; thus, 30 x 4 x ir = the 
perimetral velocity, and it will easily be seen that it is equal 
to the first. 

118. Angular Velocity. — The rate of motion or speed of 
a rotating body is sometimes expressed in angidar vdocUy ; 
that is, the angle swept through in a second by a line, as a 
radius, in the rotating plane ; the angle being expressed in 
circular measure. We may also put it thus : angular velocity 
expresses how many times the angle turned through by a 
line in the body, in a second, contains an angle which is 
subtended by an arc equal to the radius. 

In ^g, 124 let it be supposed that 

the radius, OB, has passed from an 

initial position, OA, and in passing 

from the one position to the other it 

has described an arc, AB, equal in. 

length to the radius, OB; the angle 

AOB is the unit angle. The cir- 

Fig. 124. cular measure of an angle is the ratio 

which its magnitude bears to the magnitude of the angle 

AOB. 

The circular measure of two right angles = 7r ( = 3*1416), 
and of four right angle = 2t. 

The number of degrees in the angle AOB = — = 57°-29577. 

Perhaps the following way of instituting a comparison 
between their angular velocities will simplify this matter a 
little. If two wheels, however they may vary in size, per- 
form a complete revolution in the same time, their angular 
velocities are identical ; but if one wheel turns round /our 
times while a second revolves but oncef the angular velocity 
of the former is /our times that of the latter. The angular 
velocity of the large hand of a clock or watch is twelve times 
that of the smaller hand. Take the general case where n is 
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the number of revolutions per minute, and r the radius of 
the wheel : — 

The circumference of the wheel will be 2Tr 

Since it tarns n times per minnte; 

. *. Velocity of a point on the circumference per minute is 2irr)i; 

. \ Velocity per second = -^^r- = -,jz- this to radios r. 

oU ^ 

Now angolar velocity is calculated on a circle whose radius is unity; 

.*. Angular velocity =g^=^. 

Hence, if 3'1416 be multiplied by the number of revolu- 
tions performed by a wheel in one minute, and the product 
divided by 30, the result will give the angular velocity of 
one wheel for comparison with another. Now velocity-ratio 
is independent of actual velocity. Take as an illustration 
the hands of a clock : the mechanism is so arranged and con- 
trived that, while the hour hand revolves uniformlv in twelve 
hours, the larger hand revolves uniformly twelve times; and 
if we move the minute hand round once, the hour hand will 
move only over one-twelfth the space ; so that the two hands 
have always the same relative angular velocity. Every 
machine has a similar, however, modified arrangement. 

119. "We can easily pass from revolutions per minute to 
angular volocity; thus, for example, suppose a shaft makes 
ninety revolutions per minute, what is its angular velocity ? 
Multiply the number of revolutions per minute by ^-}^, or 
6*2832, and divide by 60; the quotient is the angular velo- 
city; thus the angular velocity = 90 x —^^ = 9*4248. If 

we wish to convert angular velocity into revolutions per 
minute we must multiply the angular velocity by ^^^, or 
0*159155, and then by 60, to bring it to minutes. 

120. Right and Lept-Handed Rotations. — It is usual 
to distinguish the direction in which a body rotates into 
right-handed and left-handed; thus, if the body rotates in the 
direction of the hands of a watch it is right-handed, and left- 
handed if vice versd. If we look at one end of the axis of a 
rotating body, and then at the other, the direction of rota- 
tion is changed; thus, if it is right-handed in the first 
case it will be left-handed in the second ; it is therefore 
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necessary to refer to one end of the axis only. We have 
also right-handed and left-handed oscillation, which is distin- 
quished in the same manner as rotation, and right-handed 
and left-handed screws, where the terms are used in the same 
relative manner. 

121. Velocity-ratio op Rotating Pieces. — As in the 
case of straight translation, we have often to compare the 
motion of two rotating pieces both as to their direction and 
velocity ; thus, we have " directional relation " and " velocity- 
ratio " for rotating pieces. 

The simplest case is that of two 
circular rotating pieces in contact, as a 
pair of wheels; if the wheels always 
remain in contact during rotation their 
" directional relation" will be constant, 
because, when the direction of motion 
of one changes, that of the other changes 
also. In the example shown, if the wheel 
whose axis is A turns in a right-handed 
direction, that on the axis B will turn 
in the opposite direction, as shown by 
the arrows. 

The mangle wheel and pinion is 
an example of " directional relation " 
changing. 

122. The velocity-ratio of two circular rotating pieces may 
be expressed in turns or revolutions per minute, or in angular 
velocity; in each case there is a simple relation existing 
between the proportions of the two pieces. 

Suppose A, ^g. 125, is the driver, and it makes thirty 
revolutions per minute, and the follower, B, makes twenty in 
the same time, then their radii, or diameters, must be in- 
versely proportional to the number of revolutions; that is, the 
radius of A : radius of B : : 20 : 30; therefore the velocity ratio 
A_30_CB 

^* B ~20""AO' 

Expressed in angula/r velocity, the radii of the two rotating 
pieces must be inversely proportional to their angular 
velocities; and conversely, the angles turned through arfe 
^-.versely proportional to the radii. 




Fig. 125. 



BEARIKGS. 
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Let A and B, &g, 125, be the centres of two circular 
rotating pieces, AB the line joining their centres, C the point 
of contact ; and let the radius AC = R, the radius BC = r. 
Suppose a and b on the circumferences of A and B respec- 
tively coincided with C before rotation. Then aA, in pass- 
ing from an initial position CA, has described the angle 
aAC = D, and &B, in passing from an initial position CB, 
has described the angle bBG = d. 



Then we have ~ = ^. 
r D 



fin. 1 •j_ X. A angular velocity of A BC r 

The velocity ratio r=r = — ^—z = — ^ — j-^=-rFi = ts ■ 

•^ B angular velocity of B AC K 

A 3 
If R=2, and r=3, then the velocity ratio ^ =-^' 



D 



123. Helical or Screw Motion. — Helical motion is 
compounded of rotation about a fixed axis, and of straight 
translation along that axis. This motion is represented by 
a point, say, on the circumference of a screw ; when the 
screw is turned round the point moves in a helical path or 
direction, which is made up of the two kinds of motion 
named. 




Fig. 126. 

In ^g. 126, let ^ be a point on the circumference of the 
cylinder C ; suppose p to have given to it simultaneously a 
motion of translation along the axis of C, represented by pa, 
and a motion of rotation represented by pb. Then p would 
move in the helical path pcd, between the two directions. 
Helical motion is employed, in the form of screws , for trans- 
mitting motion, which may be either continuous, as in the 
case of a worm and worm-wheel, or reciprocating, as employed 
for working the table of a planing machine. 

124. Bearings. — By the term bearings is to be understood 
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the surfaces of contact between the moving piece and its 
support ; the term hearing is usually employed to denote the 
surface of the supporting piece, still the surface of contact of 
cither piece may be and is called a bearing. Their purpose 
is to guide the motion of the pieces they support. 

The form of the bearing depends upon the kind of motion 
given to the moving piece ; the forms of the bearings for the 
kinds of motion given in the preceding part of this chapter 
are as follows : — 

I. Straight Translation, — The surfaces of the bearings 
must have a circular, square, triangular, or other straight- 
lined cross section, and be perfectly straight in the direction 
of motion; such bearings are called slides, examples of which 
may be seen in lathes, shaping-machines, and some steam 
engines. 

II. Rotation or Turning. — The surfaces of the bearings of 
rotating pieces must be surfaces of revolution accurately 
turned, as cylinders, spheres, cones, etc. The surface of the 
moving piece is called a journal or neck, and the ^edi or 
supporting piece is also called a joumaly pedestal or piUoto- 
block J bushy footstep, pivot, etc., according to its position with 
respect to the supporting frame of the machine. Many 
examples will be found in the Plates accompanying the work, 
as Plates XVIII., XIX., XX. These bearings provide also 
for rocking. 

III. Helical. — ^The bearings or swinging motion must have 
a helical or screw surface. The supporting piece is called a 
nut For examples see the scraper, screw-cutting lathe, etc. 
They provide for rotation about a fixed axis and for transla- 
tion along it. 

All bearings must so fit that the intensity of the pressure 
will not force out the material employed in lubrication. 
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SECTION IL 

THE TRAKSXISSIION OF MOTION — ELEMEKTART COMBINATIONS 

OF MECHANISM. 

125. The arrangements employed in the various kinds of 
machinery for transmitting motion, and for changing it both 
in magnitude and direction, are so numerous that in the 
limit of this book we can only give a description of the more 
common forms of those arrangements. The subject of pure 
mechanism has been ably treated and reduced to a system by 
Prof. "Willis in his Principles of Mechanism, to which we 
refer those who wish to study the subject. 

"We shall give a list of certain methods of transmitting 
motion, and of certain combinations of mechanism; in the 
chapters that follow, the subjects are treated more in 
detail. 

126. The object of every machine is to perform certain 
useful work; and to do this it is necessary that it should 
possess the means of receiving motion from a prime mover, 
as a steam engine, and of giving out that motion in a form 
suitable for the operation to be performed. In almost every 
case the motion received from the prime mover has to be 
changed either in magnitude or in direction, generally in 
both, and often in numerous ways in the same machine. 
Therefore it is clear that in designing a machine for a specific 
purpose it is necessary to consider what changes of motion 
are required, and, as there is genei'ally a choice of combina- 
tions for producing those changes, it is of the utmost import- 
ance that the most suitable arrangement be adopted. To 
decide which is the most satisfactory arrangement is often 
a matter of considerable difficulty, especially as practical 
men may differ very much upon the point in question. 
Our object will therefore chiefly be to lay before the 
student such information as will enable him to form his 
own opinion on the various points that come under his own 
observation. 

127. Transmission of Motion. — "When motion is given 
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to a piece of mechanism, as we have already explained, 
the act is termed driving it, and the act of receiving the 
jnotion, foUotoing it; the piece that communicates its motion 
to the next is called the driver, and the part that receives 
the motion the /oUower, In fig. 127, if wheel A revolve 
in the direction of the arrow, and transmit its motion to 
B, compelling it to move in the opposite direction to the 
hands of a clock, then A is the driver and B the foUovoer. 




Fig. 127. 

Here A and B are the centre of two shafts, let us assume 
that A is to drive B round twice while it revolves once 
itself, or B makes two revolutions to A's one; we shall 
now find the diameters of the wheels. From A draw A6, 
making an angle of about 30° with AB, and upon it set off 
Ac, c&, so that Ac = 2c&. Join B&, and from c draw ch 
parallel to B&, cutting AB in C, then AC and BC are the 
radii required. C could have been found by dividing AB 
by trial; but the method here adopted can be applied what- 
ever the ratio of the diameters of the wheels, being perfectly 
general in its application. 

In fig. 1, Plate IX., where A and B are toothed wheels, 
if A be the driver and B the follower, then if B is to make- 
two revolutions while A makes one, A must have twice the 
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number of teeth that B has. It must also be clearly under- 
stood that B may be the driver and A the follower. In 
mechanism the driver and follower do not always move in 
opposite directions. Motion may be transmitted on four 
different principles — 

(1.) By Rolling Contact — as Spur Wheels and Pinions, 

Crown Wheel and Pinion, 
Face - Wheel and Lantern, 
Bevil Wheels, Cones, Back 
and Pinicm, etc. 
(2.) By Sliding Contact — as Inclined Plane, Wedge, 

Cambs, Swash Plate, Crown 
Wheel Escapement, the Screw, 
etc. 
(3.) By Wrapping Contact— as Cords and Pulleys, Belts 

and Pulleys or Riggers, 
Speed Pulleys, Capstan, 
Fusee of a Watch, etc. 
(4.) By Link Work — as Levers, Cranks, Treadle of a 

Lathe, etc. 

128. We will give a few brief notes and illustrations of 
each method of transmitting motion as indicated above. 

(a.) By RoUing Contact — K we consider A and B, fig. 
127, to be two smooth wheels or cylinders in close contact, 
it is very evident that as either moved round its axis it 
would impart motion to the other. For if they are in con- 
tact in any one position they wiU be in contact in aU other 
positions, and will roll upon each other and impart motion 
to each other respectively. But there is a practical difficulty 
in making wheels, under such a condition, revolve uniformly 
together, hence it is customary to form the edges into teeth; 
it woidd at once occur to the most casual observer that the 
greater the friction the more certainty of motion, and from 
rough surfaces to teeth is a consequent step. 

As another illustration of motion produced by rolling 
contact, take Plate XYII., where we have a spur wheel and 
pinion. Suppose A to be the driver and B the follower , 
when they act in this manner the term 8pv/r wheel and 
pinion is properly employed. Pinion A has 15 teeth or 
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leaves, while the spar wheel has 38, henoe their velocity-ratio 
is as 15 : 38 or ^1 or ff = 2^, i.e., the driver A must revoke 
two and a half times and ludf a tooth more, so that the 
follower B may revolve onoe, or if A revolve 38 times B will 
revolve 15. 




Kg. 128. 

Suppose we have such a system of wheels in rolling con- 
tact as is figured above. We shall consider axis A^ or wheel 
7*3 as the driver, and N^ as the extreme follower. 

Let the diameter of ns be 24, of N3 be 8. 
,, n, be 18, of N, be 6. 

„ ni be 20, of Ni be 8. 

Now suppose 11, to make 1 revolution, then N, will make 3 (V)* 
when X3 makes 3 revolutions n, will make 3 revolutions, 
n, makes 1 revolution then N, will make 3 (V). 
n, makes 3 revolutions then N, will make 9. 
Hi makes 1 revolution then N^ will make 2^ ( V)« 
til makes 9 revolutions then N^ will make 22^. 



Now when 
when 

Again when 
when 



That is, a train of six wheels, arranged as in our figure, 
will, upon the shaft A^ revolving once, cause the shaJTt A^ 
to revolve 22J times. The general formula will be — 

Number of revolutions =s^ — ~ — ^ 

N, X N, X Ni 

In Chapter VI. this subject is treated more fully. 

(h.) By Sliding Contact. — Bear in mind for a moment the 
action of a screw, and it is at once apparent that the thi^ads 
act by sliding contact; in the ordinary vice the screw slides 
and moves within the female thread; in honzontal enguoes 
the parallel motion is obtamed through the intervention of 
a slipper block sliding within guides. We will more parti- 
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onlarlj refer to a comb as an illustntion of motion obtained 
1>J sliding contact. 

A. in fig. 129 is the caiub, its 
purpose is to move tiie rod B up 
and down, or give it irhat is called 
a vertical reciprocating motion. As 
the handle is turned so as to move 
the camb on its centre of motion c, in 
the directioQ indicated bj th« arrow, 
B will bo compelled to move up and 
down. We see that the rod B is at 
its lowest point g, but as the camb 
moves round, the point p comes under 
the small wheel a, at the end of B, 
when the rod is at ite highest point, 
from which it will fall as the point 
p moves oa to its present position. 
Hence by the camb sliding under the 
wheel a the rod B receives an alter- 
nate motion up and down. The con- 
struction and use of cambs will be mon 

(c.) By Wrapping Contact. — Almost all pulleys, cones, and 
riggers are moved by wrapping contact, i.e., endless bands 
and cords. The transmission of motion by bands is con- 
sidered the most simple and inexpensive that is employed; 
there are many advantages aud di^dvantages connected with 
tbem; they require "plenty of room, the shafts may be almost 
any distance apart, aud rfiould any sudden strain be thrown 
on to the machine, the band will dip on the pulley, and thus 
prevent the destruction of the wheel work. Bands ai« 
generally made either flat or round, of leather, gutta percha, 
hemp, linen, etc. 

Figs. 130 and 131 I'epresent the open belt arrangement, 
fi^ 132 and 133 the crossed belt. 

In fig. 130, S, and Sj are two parallel shafts, of which Sj 
may be considered the driver, the shafts are connected by 
pulleys and belts, so that for every revolution of Sj, Sj shall 
also mate a revolution, and the direction in which they 
turn will be the same, i.e., that shown by the arrows. In 
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£g. 132 we have the belt crossed, which is done when it is 
required that the pulleys shall turn in opposite directiona 
It may be noticed that in this second case more belt surfiBtce 
is wrapped round the pulleys than in the first. But we shall 
again refer to j^uUeys and bands. 




{d.) By Link Work. — Motion is frequently transmitted by 
link work, or jointed rods, producing lever motion; the 
ordinary levers, the treadle of a sewing machine, and the 
crank of an engine are familiar illustrations. The most 
general use of such machinery is to convert an ordinary 
vertical or horizontal reciprocating motion into a circular 
continuous motion. 

129. In the transmission of rotary motion by the pulleys 
and band arrangement, our choice of kind of motion is very 
limited; we can, however, connect axes that are parallel, at 
I'ight angles, or inclined at some other angle, by means <^ 
uide pulleys. "When the axes are parallel we may uao 
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riggers and cone pulleys, but in all other caaee the employ- 
ment of guide pulleys is essential. Bands and pulleys con- 
vey rotary motion from one axis to another; they may also 
be employed for reversing motion. 

Kotory motion may be converted into reciprocating motion 
in many ways; fig. 129 supplies us with one method, the 
Bwash plate is another, the eccentric and eccentric rod also 
Bupplies uB with a good illustration. 

Fig. 134 is intended to represent an eccentric, by which 
the continuous circular motion of the main abaft b converted 
into either a horizontal or vertical reciprocating motion. 
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to a good text-book on Mechanism, such as Tate, Goodeve, or 

Willis. 

Again, it is frequently necessary to convert reciprocating 

into circular motion. The most familiar instance is in the 

steam engine, where the re- 
ciprocating motion of the 
piston and piston-rod is oon- 
yerted by the conneoting-rod 
and crank intocircular motion 
at the main shaft. 

In the adjoining figure, P 
is the piston, and PK the 
piston-rod of a steam engine, 
the connecting-rod is CK, and 
the crank CE. As the piston 
P reciprocates, the point C 
or crank-pin moves round the 
dotted circle, the crank CE, 
being firmly keyed to the 
main shaft E (shown in sec- 
tion), gives to the main shaft 
a continuous circular motion ; 
from this main shaft all the 
required motions of the en- 
gine are given oflT by proper 
arrangements of mechanism. 
130. Ratchet wheels often 
receive their intermittent cir- 
cular motion from vibrating 
pieces. A click or paul is 
joined to one end of an arm 
to which a vibrating motion 
is communicated; as often as 
the click comes forward it 
drives one tooth of the ratchet 
Fig. 135. wheel. Feed motions are 

generally constructed (m this principle. 

The treadle of a sewing machine, or razor grinders' bench, 

famishes an illustration where a reciprocating circular 

motion is changed into a continuous circular one. 
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Fig. 136 will exemplify this point; the foot on the treadle 
AB gives to point B a reciprocating 
circular motion, which, by means 
of the connecting-rod BC and the 
crank CD, communicates a contin- 
uous circular motion to the wheeL 

These are but a few of the 
methods of modifying motion, the 
student must ms^e himself well 
acquainted with others, it will 
amply repay the time and labour, 
for among them will be found the 
most ingenious contrivances of 
modem mechanism. Fig. 136. 
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FORCES — STRESS — STRAIN — WORK — FRICTION. 



131. Force is that which changes or tends to change the 
state of a body whether at rest or in motion; or force is that 
which causes or tends to cause a body at rest to change its 
position, or that which causes or tends to cause a body in 
motion to change its rate of motion. In every machine there 
are certain forces at work, some inducing motion, and others 
preventing motion taking place. These forces produce or 
tend to produce certain results; thus a force represented by 
a load or weight produces stress amongst the particles or 
atoms of the piece of material to which that load is applied. 
The load may be sufficient to cause fracture, and break the 
piece. If the load be not sufficient to cause fracture it 
may strain it, that is, cause the material to assume some 
other form to that which it had before the load was applied; 
under this condition the particles of the material are dis- 
placed, and if the strain be very great, the strained piece 
may be rendered useless for its intended purpose. From 
this it may be gathered that there may be stress in a piece 
of mechanism and not strain. Stress is exerted between 
bodies or parts of bodies that are contiguous or adherent, 
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and its intensity is measured in units of weight, the whole 
weight being proportioned to the area of the surface. We 
have thrust or pressure, pull or tension, and shear or tan- 
gential stress— -all different modes in which contiguous 
particles may act on each other. 

132. Work — Horse-Power. — If a man or a steam engine, 
by the aid of suitable mechanism, raise a weight, or perform 
some mechanical operation, he is said to perform work. It 
is usual to express the amount of work done in certain units; 
thus if one pound avoirdupois be raised one foot in the direc- 
tion of the acting force, one unit of work is said to have been 
done. And, generally, if m pounds be raised n feet, then 
mn units of work have been performed, where m and n may 
represent any numbers whatever, integi*al or fractional; for 
it is clear that if one pound raised one foot represents one 
unit of work, then two pounds raised one foot represent two 
units of work, and 20 pounds raised 10 feet represent 200 
units of work or foot-poimds. In practice it is usual to 
employ the term Uorae-Power when we wish to reduce the 
capabilities of a steam engine to some known standard. One 
horse-power is taken to be represented by the work done in 
raising 33,000 pounds throv^h the space of one foot in one 
minute. The horse-power as thus defined is merely nominal, 
or a conventional means employed to compare one engine 
with another. It is as well to observe that this horse-power of 
33,000 foot-pounds per minute is sometimes expressed as 550 
foot-pounds per second, or 1,980,000 foot-pounds per hour. 

Examiple, — Suppose a steam engine, with the aid of suit- 
able pumps, raises 500 gallons of water ]yeT minute from a 
depth of 150 feet, a gallon of water weighing 10 lbs. What 
is the horse-power of the engine? — 

500xl0xl50_ 
•" 33000 -^^'^• 

133. Modulus of a Machine. — In any given machine 
that is the best for its purpose which delivers the greatest 
amount of work in proportion to that applied, ^ere is 
always a certain amount of work lost in overcoming the 
rtia of the parts, in friction, and i>erhaps in imperfect 
*^ ■ tion. Were there no loss of work from the causes 
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now mentioned, the work applied to the receiver would 
always be equal to that done by the operator ; but it is found 
that the work done by the operator is less than that applied 
to the receiver; the useful work done is always a fractional 
part of the work applied, this fraction which has to be deter- 
mined by experiment or experience for every machine is 
called the vwdvlaa ci that machine, and tells, us at a glance 
what work is lost. Thus if the work applied to an engine 
be 40 horse-power, and the operator only delivers 30 horse- 
power, the modulus is |^ = f , t«e., one quarter of the work 
applied to the machine is lost. 

134. Moments and Couples. — It is often very convenient 
to use moments in calculations involving stress, strain,, etc. 
The statical moment of a force or a pressure is thus defined : 
The produce of a force into the perpendicular distance of its 
line of action from a given point is called the moment of the 

force with respect to the point, or tJie moment cf ike force 
about ike point. 

If an axis be drawn through the point at right angles to the 
plane which contains the point and the dii*ection of the force, 

their product is called the moment of the force about the axis. 
Let A, fig. 137, represent a given point, EF the line of 

action of the force F, and p the 

perpendicular distance of A from | 

EF, then the moment of the force ▼ 

F about the point A = Fp. The 

units emplc^ed ai-e feet and pounds. 

Suppose AB to be a rigid rod which 

can turn about the fixed point A in 

the plane of the paper; and suppose S'F 

a force F to act at B, in the direction Fig. 137. 

EF, then the rod would tend to rotate about the point A. 

It is usual to distinguish moments aa right or left handed, 

or rather as positive and negative. 

JSxample. — Let F = 50 lbs., p = 2.5 feet; then the moment 

about A = ¥.p = 50 X 2*5 = 125 foot-pounds. 

Couples. — ^Two equal parallel and opposite forces acting 

upon a rigid body, and not acting in the same line, form what 

is called a couple. 

Let F and F represent two equal parallel foi'ces acting in 
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C£ az>i r»H TCE|<ctiTiriT; 6 the rigid body 
AB ^ie perpendimkr distajiee between 
t&e fectes CE mud DH, dwn ikem two foreea 
f:Tm a optjCe. Hie otm or kfrenige of the 
ccQple B ilfee |!ierpaidiciikr distance AB. Tlie 
mctmati of the coii|4e is the pit>dnet of one 
cf the ftfras into the arm; if AB^p, then 
th-e mcment c€ the coa|^ = ¥p. The units 
nsnalhr employed jure feet and poonds. 

The tendencT of a couple is to cause the 
lodv upon whidi it acts to rotate, that is, 
&u{]^WEing the bodr to he rigid and free to 
rotate as a shaft in its bearing^ A couple 
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is right or left handed according to the direction in which it 
tends to rotate: Article 120 illustrates what is meant by 
ri^t and left handed rotation. 

135. 8treil|;th. — ^The strength of a piece of material is 
ascertained by applying to it a load sufficient to produce 
strain, fracture, or otherwise, according to the kind of 
strength we are considering; thus, we have ultimaU ttrength^ 
that is the load required to produce fracture; proof strength^ 
that is the load which the material ought to sustain without 
injury to it; safe load or working load is the load which may 
be applied with safety to the material, or the load it will 
sustain with safety; the safe load is always less than the 
proof load, and of course much less than the load required to 
cause fracture; it varies in different structures from about 
J in ordinary machines to about -^ in cranes and in wheel 
work of the ultimate strength. 





Strength. 


Strain. 


Fracture. 


I. Simple 

or 

Elementary. 


Tensile. 
Compressive 
or Crushing. 


Extension. 
Compression. 


Tearing. 
Crashing. 


II. Compound. 


Shearing. 

Torsional. 

Breaking. 


Distortion. 

Twisting. 

Bending. 


Shearing. 
Wrenching. 
Breaking across. 




gths are classified according to the kind of force 



LIMIT OF ELASTICITY. 105 

acting upon the piece of material or mechanism to produce 
stress. The forces are simple or demerUary, and compound; 
the foregoing list gives the kind of strength and the corre- 
sponding strain and fracture. 

186. Tensile Stren^h. — The tenacity or ultimate strength 
of a bar or other piece of material is found by applying to 
it a load acting in the direction of its length, sufficient to 
cause fracture by tearing it asunder. The bar may be either 
in a vertical or horizontal position, in the former case the 
load generally consists of weights applied at the lower ex- 
tremity, which produce two equal and opposite longitudinal 
forces; in the second case, these forces must be produced by 
suitable mechanism, as the hydraulic testing machine. A 
cord with a weight attached to the end is a simple illustra- 
tion of a material in tension, the wooden or iron rods of a 
pumping engine are in tension when lifting water. Tenacity 
is generally expressed in avoirdupois pounds (or tons) per 
square inch. The tensile strength varies directly as the area 
of the cross section of the piece; if the piece vary in its 
cross section, a section must be taken at the smallest part to 
judge of the tensile strength. For it cannot be too strongly 
impressed upon students that the strength of any material, 
piece, machine, or structui*e, is the strength of the weakest 
part, 

187. Limit of Elasticity. — When a specimen of iron is 
subjected to a testing machine, it at first extends, and if the 
strain is not too great, upon being released it returns to its 
original dimensions; but if the strain exceed a certain limit, 
the piece of metal receives a ^^ permanent set,* and so does 
not return to its fonner proj^ortions. This limit is termed th^ 
limit of elasticity f it varies with every material and with dif- 
ferent qualities of the same material. When the limits of 
elasticity have been determined, the engineer must be care- 
ful to subject his structures to strains very much below those 
limits. When a material has once taken a very slight i)er- 
manent set, it may not be injured, but if the displacement 
of the particles be great, they never return to the same in- 
timate relationship again, and the material is much damaged. 
For instance, if a gun be fired with too great a charge of 
powder, it may cause an alteration of the internal structure, 
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perhaps inTisible on the outside, but yet the overstraining 
shall be so great that it may be broken to pieces by a ham- 
mer, and of coarse shattered to pieces by tiie next charge. 
It has been shown that iron, steel, copper, etc., are exceed- 
ingly tenacious. A piece of best steel wire, of given diameter, 
will support without breaking 7^ miles of its own length. 
Cables made of fine wire of from ^th to ^^ of an inch 
in diameter possess the extraordinary tenaci^ of from 60 to 
91 tons to the square inch of section. 

Per aq^aare inch 
of aection. 

Wrofaght bar-iron has a tenacity of from 25 to 30 tons. 

Cast-iron „ „ 5 to 15 ,^ 

Steel „ „ 30 to 50 

Copper „ „ I5i 

Copper wire „ „ 27J 

Brass (best) „ „ 12 to 13 

Ash ,^ „ 7 to 81 

Ehn „ ,» 6 

Hornbeam „ „ 2 to 9 

Oak (English) „ „ 5 to 8} 

Fir „ „ 34 to a 

"Wrought-iron girders should never be subjected to sudden 
strains or violent disturbances from loads exceeding more 
than one-third the breaking weight. They will bear almost 
any amount of violent disturbances, so long as the load does 
not exceed one-fourth the same weight. In a girder properly 
proportioned, the greatest strain comes upon the bottom 
section, and a strain on this part of 7 tons per square inch 
exceeds the limit of safety. The Board of Trade will not 
allow a railway bridge of wrought-iron to have on it a strain 
exceeding 5 tons per square inch of section^ A bridge will 
bear with safety 6 tons, or one-fourth the breaking weight, 
but it is always best to err on the safe side in these matters. 

The limit of elasticity in cast-iron is about one-third of its 
ultimate strength (the ultimate tensile strength of cast-iron 
is assumed to average 7 tons per square inch) ; hence it is not 
safe to strain cast-iron, in tension, above 2 tons to the square 
inch, for structures exposed to impact, such as railway bridges, 
where the limiting stress must scarcely exceed a ton. 

138. Crashing or Compressive Strength. — The ultimate 
strength of a piece of material to resist thrust, pressure^ ox 
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compression, is ascertained by applying to it a load siifiicient 
to caiise fracture by crushing. All columns are subject to 
compression, in the direction of their lengths; so are walls, 
bed plates, etc. Wrought-iron resists compression with a 
force equivalent to 27,000 pounds; i.e., to shorten a piece of 
iron an inch long, *533 inches in diameter, the 77^77^^ ^^ ^^ 
inch requires a force of 27,000 pounds; while the average 
resistance of cast-iron under the same conditions is 35,000 
pounds. The great improvement in modem workmanship 
permits all parts of a structure that come in contact to be 
truly faced at the ends, when the uniform bearing thus ob- 
tained add greatly to the strength of the whole structure, 
by enabling it to resist crushing strains most effectually. 
From experimental researches on iron columns, it has been 
shown, calling the strength one when both ends are flat, that 
if one end be flat and the other rounded, the strength is 
diminished one-third; if both ends be rounded, the strength 
is diminished two-thirds, 

139. Shearing Strength. — ^If one piece bear upon another 
so as to act to cause mutual separation, or make one give 
way by one part sliding over the other, it is said to shear. 
Consider the boiler plates as riveted together; then if the 
boiler plate acts so as to cut off the rivets, we have an in- 
stance of shearing strain, where each (the plate and the 
rivet) draws the other sideways in a direction parallel to 
their surface of contact. Another illustration is supplied by 
the links of a chain which act upon each other with a shear- 
ing stress. The ultimate shearing strain is ascertained by 
determining the amount of resistance offered by a bar, sheet, 
rod, etc., of material to the separation of its particles by 
sliding or shearing. The kind of fracture will depend upon 
the kind of material subjected to the shearing force. 

140. Torsional Strength. — Two equal couples, one right- 
handed and the other left-handed, and not in the same plane, 
acting upon a rigid body, as a bar of iron, produce a tor- 
sional or twisting strength among the particles of the bar, 
which tends to cause fracture by wrenching. If the twisting 
moment is sufficient to cause fracture, then the value of that 
moment represents the resistance of the particle of the bar 
to fracture, which is the torsional strength. If the two 




Fig. 139. 
while that of cast-ii 
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couples ah and cd act upon AC, a shaft or bar of iron in the 
directions shown by the arrows, they will evidently tend to 
twist it, and to wrench the particles of the bar asunder. Ib 
testing, to ascertain the torsional 
strength of an object, the testing 
force is produced by a force acting 
at the end of a lever attached to 
a bar or rod, as AB. Experiments 
are generally made on cylindrical 
bars 1 inch in diameter, the load 
being applied to a lever 12 inches 
loDg, measured from the centre of 
the bar; and it has been proved 
that the average strength of good 
wrought-iron, under theee condi- 
tions, is from 700 to 800 pounds, 
1 is from 650 to 750 pounds, hence 
wrought-iron is better fitted tor shafting, spindles, eta, than 
cast-iron. 

Knowing the torsional strength of a one-inch bar, wo can 
readily find that of a two, three, etc., inches; for str^igths to 
resist toreion are as the cubes of the diameters, and invenidy, 
Example. — Given that the torsional strengtli of a one-indi 
bar of steel is 1200 pounds^ find that of a three-inch shaft 
of the Bame material : — 

Strengtli^S' X 1200 = 10,800 Iba. 
There is a distinction between toraion or bi-eaking strength 
and torsional »tiffne»». The torBtonal stiSuesa of shafting de- 
pends upon ita length; the total twist is the sum of the twists 
of each portion; if a shaft be twisted beyond a certain 1'""'*^, 
we reach permanenttwist,andinjuryfoDowB; if shafting twists 
toomucb, or ia not sufficiently stiff, it works with a jerk. "In 
long shafting it is usual to secure sufficient stiffiiess by re- 
stricting the angle of torsion to some definito limit, say to ^ 
per yard length of the shaft, and to secure this amount of 
stiffness, a larger shaft is often required than would be needed 
if strength alone were considered. The resistance of shafta 
' 't£iess, in this sense, is proportional to the fourth 
mat diameters (or the sqiia/re of the area) ; that ii^ 
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a two-inch sHafb will transmit (2^) 16 times the force which 
would be transmitted by a one-inch shaft without being 
twisted through a greater angle."* The working strength 
of a shaft also depends upon the speed with which it is 
driven, for evidently the faster it runs, the more easily re- 
sistance is overcoma 
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141. Bending Strength, or Resistance to Cross Breaking, 
and Strength of Beams and Girders— T^mn^erse Strain. — 

Fig. 140 represents a beam resting with its ends on two 
walls. "We will suppose the weight acting in the middle in 
the direction indicated by the arrow. Evidently there will 
be a tendency in the beam to bend and assume the position 
indicated by the dotted lines. In this position the upper 
and lower portions of the beam in section become arcs of 
two circles; the upper part ahc is smaller and therefore suf- 
fers compression, while the lower def is larger, and is there- 
fore under extension. It is clear that there must be some 
intermediate line between these two where one strain ceases 
and the other begins, or where there virtually exists no strain. 
This line is termed the Neutral Axis, and is shown dotted 
between ahc and def. In a rectangular beam of wrought-iron 
the neutral axis is below the middle of the beam, because 
wrought-iron presents greater resistance to tension than com- 
pression, so the crushing action will extend farther into the 
beam than the stretching; a beam of cast-iron will have the 
neutral axis high, because its resistance to compression is 
great compared to the force with which it resists tension. 
In pine wood it will be below the middle, since pine resists 
tension with 5 tons per square inch, and compression with 
only two. While in oak the neutral axis lies in the middle. 

* Anderson's Strength of Materials, 
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From these facts it is evident that a saw cut in the part of a 
beam under compression does not affect its strength, but one 
in the under side would weaken it greatly. So also bolts 
driven in at jti will not diminish the strength, while bolts at 
q and corresponding points will weaken the structure. If 
we consider the beam, fig. 141, as acted upon by a load at its 
centre, it will be under the action of three forces, namely, 
A and B the upward push or resistance of the walls to the 
weight, and C the weight acting downwards. In what fol- 
lows the weight of the beam is omitted from consideration, 
c 

I 



« 



-A 



^ 



,e 




B 

A i 

^ Fig. 141. ^ Kg. 142. Fig. 143. 

It is quite clear that A and B together must equal C, so 
therefore A is half of C. We must consider the strains as 
acting round a centre a, a point in the middle of the neutral 
axis, all the fibres above a being in compression, while those 
below are under tension. Ba measured parallel to ax will 
be the leverage which the force B has in trying to crush the 
beam above the neutral axis naj, and tear it below that line. 
If we double the length of the beam we double the leverage, 
and consequently the crushing and stretching forces are 
doubled, while if we consider the beam with half the length, 
then these forces will be diminished in the same proportion; 
i.e.y double the length of the beam, it will break with half 
the weight in the middle, shorten the beam by one-half, it 
will take twice the load to break it. Hence the strength of a 
beam is inversely as its length, or a beam 10 feet long, other 
dimensions being equal, is twice as strong as one 20 feet 
long, three times as strong as one 30 feet long, etc. 

By doubling the vndth of a beam its strength is doubled. 

If ^g. 143 represent the end section of a beam, we may 

d as one beam^ and e as a second beam; or the width 



If :fig. 1^ 
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of the one beam as doubled. It is very clear that d and e 
together will be twice as strong as d alone, and that the 
joint, or its absence, will neither add to or subtract from 
the strength of the whole, whether the beam be under com- 
pression or extension; that is, the strength of the beam 
varies directly as its hreadih, double the breadth it is twice as 
strong, make the breadth three times the original, it is three 
times as strong, etc. 

By doubling t/ie depth of a beam it is rendered 4 (2*) times 
as stnmg, by trebling the depth 9 (3*) times as strong, etc. 

In figs. 141, 142, take a as before the centre of the neutral 
axis, we have already explained that the strains will act 
round a as an axis. Let us assume that c is the average 
leverage of all the fibres below the neutral axis. Now, look- 
ing at &g, 142, we perceive at once that there are twice as 
many fibres below the neutral axis as in ^g, 141, and that as 
the beam is twice as wide, their average leverage is doubled; 
therefore their resistance to rupture must be 2 x 2 = 4 times 
that of the fibres in the first beam. The same reason ex- 
tended to the fibres above the neutral axis would show, that 
as there are twice as many fibres acting at the end of the 
leverage to resist compression, therefore the second beam 
will carry four times the weight of the first, or the strength 
is quadrupled. Hence the strength of a beam varies directly as 
the breadth squared. From this we see why joists are always 
put on edge. The conclusions arrived at are: that the 
strength of a beam supported at both ends, with the weight 
in the middle, varies inversely as its lengthy directly with the 
widths and the square of the depth or thickness. 

Let I = length, d = depth 
«;= width, C= 

a constant depending upon the material employed, which is 

generally ascertained by experiments, then — 

Strength = — ^ — x C. 

If the beam be cylindrical, then w = df and the formula be- 
comes — 

d^ 
Strength = -y x C 

where d diameter corresponds to breadth w and depth. 
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The following laws hold good with regard to a solid rect- 
angular beam supported at both ends; as regards the amount 
of deflection or bending that it undergoes when weights are 
applied for that purpose: — 

1 . The amonnt of deflection is proportional to the force applied. 

2. The amount of deflection is proportional to the cube of the length 

3. The amount of deflection is inversely proportional to the cum of 

the depth. 

4. The amount of deflection is inversely proportional to the breadth 

or width. 

Let D represent the deflection, ( ^^ ^^* j=d^h ' 

Let W represent the weight applied, i w;= width' 

D=W. -j^ 
a' xw. 

The four laws just stated on the flexure of beams are 
deduced in precisely the same manner as we have deduced 
those which govern the strength of beams and girders, and 
the student must endeavour so to reason them out; of 
course, they have been fully established by numerous ex- 
periments. 

Referring again for a moment to fig. 140, p. 109, it will bo 
seen that if the centre of the beam were built into a wall for 
support, instead of being suppoi-ted at both ends, one-half of 
the weight, at present supposed to be at the middle, if applied 
to the end cf or ad, would strain the beam exactly as much 
as at present; or half a beam supported only at one end 
carries half the weight that the whole beam does when sup- 
ported at both ends. The whole beam supported at one end 
will carry J of ^ = J of what it does when supported at 
both ends, for we have twice the leverage; hence half the 
weight will produce the same moment at twice the distance. 

When weights are equally distributed over a whole beam 
supported at both ends, the strain is the same as if half the 
total weight were placed at the centre; for, supposing each 
half to act at one-half its former distance, it only acts with 
one-half the leverage; hence beams and floors support much 
greater weights when these weights are spread uniformly 
over the whole surface. 

142. Girders. — For consideration we will first take a 
b^m,}»iii|fc|mto a wall with a weight attached to one end; it 
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will render the matter almpler than if we merely took the 
weight of the beam acting at its middle point. Jf our anp- 
posed weight were sufficiently heavy to break the beam, the 
liae of rupture woitld be along ab, Gg 144. We will sup- 
pose that de is the neutral axis, 
all the material above are in 
extension, or under a tensile 
ste^n, aU those below under 
compression. The reTcrro of_^ 
what would happen if the beam 
were loaded in the middle and 
supported at both ends. At c 

there is no stroin, the forces < i-j ^ 

acting round e as Uieir taming ^ 

point. Take into consideration Fig. 114. 

a single fibre, say at 1 ; it will have a leverage of 1 - c 
when exerting its force, so also a fibre at 2 has a leverage 
of C - 2, but the first has the more leverage, bo it will do 
more work in resisting fracture from tension, while a fibre 
at e does nothing to prevent fracture. Hence the farther 
tlie fibres are from c, or the wider the beam, the more thsy 
assist in preventing rupture and keeping ibe beam rigid. 
Applying the same reasoning to the fibres below the neutral 
axis, we come to the conclusion, that the farther they are 
from c, the greater their force to resist compression and assist 
in keeping the beam ri^d. Hence, if the materiel he taken 
from die vnanedwie Tteighixmrhood of the neiUnd asat, and 
placed beyond a and b the rigidity of the beam wotiid be 




Fig. 145. Fig. 146. 

In fig. 145 we have in d a cross section of a girder to be 
altered, and e shows it when altered. If we suppose that 
tliere is the same material in each, it wilt be found that e is 
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Tery mach stronger than d; e Is what is termed a flanged 
girder, where a and b are the flanges and c the web. When 
sach a girder rests on its two ends (its general position), and 
carries a weight, the tc^ flange is under a compressive strain, 
and the bottom under a tensile strain. Now as these must 
be always of equal strengths, it becomes necessary to pro- 
portion the flanges to the strengths of the materials used 
under tensile or compressive strain. Taking wrought-iron 
as resisting 25 tons per square inch of section under tension, 
but 15 only under compression, then the top flange must be 
larger than the bottom in proportion of 25:15, or 5 : 3, as seen 
at a, fig. 146. With cast-iron, the flanges must have the 
ratio of 10 to 50, or 1 : 5, as seen at '6, fig. 146, for cast-iron 
resists compression more than tension, about five times more. 
The top flange in wrought-iron is made the larger of the two 
because the top is under compression, and is weaker under 
compression than extension; but, on the contrary, as cast- 
iron is weak under extension, the bottom flange (under ex- 
tension) is made much larger than the top. Wood is never 
thrown into these shapes for obvious reasons, such as knots 
which interfere very greatly with tensile strength, but not 
with compressive; and the cost of beams altered to such 
shapes would be greater than those of a rectangular shape 
capable of carrying the same weight. Occasionally, beams 
are made in two pieces with i^e bottom larger than lie top. 

148. Friction. — ^Friction is sometimes spoken of as a 
modified shearing stress. It is that force which acts between 
two bodies at their surfaces (^contact to resist sHding move- 
ment over each other; this resistance depending upon the 
weight of the bodies, or on the force with which they are 
pressed together. 

Let us suppose the small block of wood or metal A pressed 
upon another BC, by means of a force F, acting perpendi- 
cular to the two surfaces. This force may be its own weight 
or a pressure from above. Let us also imagine that a second 
force, Q, parallel to BC, acts from right to left to move it 
along the surface BC. Now, since these two forces P and 
Q are acting at right angles to one another, they cannot 
counteract each other. So long as the force acting parallel 
to the surface does not exceed a certain limit, the small block 




A does not mare, tlierefon thera is some force that we h 

Qot yet indicated coonteracttDg Q. This ia the force of £ 

tion, wiiich invambty 

acta parallel to the two I 

surfiiceB in contact We y' ' 

majBoppoBethat another 

force, F, connteracta Q, 

and prevents it from 

moving A. Then P wiU 

represent the force of 

friction which is always 

for tntrjaeea of iks lamc ~ 

ttature, the tanu fraction 

of the force F applied to 

preBstItemtogeUier,how- vig- in- 

ever great the force or liu^e the surfaces in contact. The 

fiiction represenljng the force that prevents motion ia called 

the co-e0inent of friction. 

Friction in machinery must always be avoided, or great 
heat will be generated, and damage done. Any amount of 
heat may be generated by friction, as seen in tie brake ap- 
plied to carriage wheels, railway trains, etc. To pi-ervent 
friction, axles, journals, bearings, etc., are oiJed and greased. 
Oil keeps a bearing cool, because it lessens the friction; but 
it must be remembered that no oil will keep a badly turned 
or on improperly scraped one cool, for the inequalities left by 
bad workmanship are the best generators of beat. 

The action of the lubricant is tbia : a thin film of the 
lubricant is partially capaUe of preventing tlie surfaces of 
the two pieces of machinery coming into contact; it thus 
reduces the resistance due to friction, and assists also in con- 
ducting away the heat generated by friction. 

The resistance from friction depends not alone on the 
Toughness of the smfaoe, but the force of pressure, the load 
or trork done on the same suriace. A double load will pro- 
duce double the amount of friction, a treble load treble the 
amomxt, etc. This statement must be taken within certain 
limits. Friction does not at all depend upon the magnitude 
of the siu-fnce in contact. Let a block of brass weighinj; 
100 lbs. be placed on a flat smooth surface of casUpon, it 
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will reqtdre a force of 22 lbs., or ^ = iJ <rf the whole to 
draw it along. If another 100 lb& the. same size and shape 
be attached to the side of the other, it will require 44 lbs. to 
draw it along, still ^*^ = \^ of the whole weight. Now let 
the second block be placed upon the first, so that with the 
same weight we have only one-half the rubbing surface. 
Experiments conclusively show that the friction is still -J^, 
or it requires the 44 lbs. still to drag the two weights over 
the cast-iron, although the surfaces in contact are diminished 
by one-hal£ This ^ is called the co-efficient of friction. 

The laws of friction received great attention from Coulomb, 
Greneral Moiin, etc. The following are a few of the co- 
efficients that may possibly prove of service to the engineer. 
Unguents were not used in their determination, except where 
expressed. 

Oak on oaky when dry, '48 to '62. 

„ „ creased, '07 to -08. 

Wronght-iron on oak, '49 to •62. 

Cast-iron on oak, *65. 

Wronght-iron on cast, '19. 

Cast-iron on cast, '16. 

Cast-iron axles on lignum vitse bearings, *18. 

Copper on oak, '62. 

Irononehn, "25. 

Pear tree on cast-iron, '44. 

Iron axles on lignum vitaB bearings, '11 (with oil). 

Iron axles on brass bearings, '07 ,, 

Wrought iron on wronght-iron, greased, '07 to '08. 

Steel on bronze, lubricated, '1 to '08. 

The two laws of friction may be expressed thus : — (a) "Within 
certain limits the friction of any two surfaces increases in 
proportion to the force applied to press them together, (b) 
The friction is entirely independent of the magnitude of Ihe 
two surfaces in contact. It must never be forgotten that 
the friction of motion is wholly independent of the velocity 
of motion. To reduce friction lubricants are employed, such 
as grease, tallow, oil, soft soap mixed with oil, black lead, 
etc., with water and sulphur. The two latter act in a very 
different manner to the lubricants, and are generally used in 
extreme cases. Tlie co-efficient of wrought-iron on oak is 
•49 in the dry state, but applying water it is reduced to '26, 
wjjy^|» will reduce it to '21. Oil, tallow, lard, etc., have 
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all about the eame efiect, whether it be wood on wood, wood 
on metal, or metal on metal, the co-efficient being -07 or '08, 
or lying somewhere between ; but in the case of tallow inter- 
poeed between metal and metal the co-efficient rises to '1. 
Wat«r reduces the temperature of bearings, because it boils 
at a very low temperature, and thus a large amount of heat 
is carried away in steam as latent heat. Sulphur, boiling at 
a temperature 108° G., acts on the same principle. 

Cold water should never be thrown upon a hot axle or 
bearing, there being a great risk of fracture, owing to the 
sudden contraction of the metal. 

144. Limiting: Angle of Beeistanoe, or Sliding Angle. — 
When a pressure is applied to a body movuble upon another 
fixed body, and both are at rest through the resistance of the 
two surfaces in contact, but are in a state of equilibrium 
bordering on motion, the angle at which the one resistnnce 
or force inclines to the other is termed the limiting angle of 
resistance. Previously we supposed the force F to act per- 
pendicularly to the surfuce; let us now suppoao it to act at 
F" at an angle to BO. 
Complete the parallelo- 
gram FF'Q'A by draw- 
ing AF perpendicular to 
the two surfaces,. FT 
parallel to the same, and 
F'Q" parallel to FA, 
The force F* may be re- 
presented by the line 
F"A, and we may resolve 
it into the two forces 
F'F acting parallel to 
the plane, and FA act- Fig. 148. 

ing perpendicular to it. Then FA represents the force by 
which the two surfaces are kept in contact, and the actual 
friction existing between the two surfaces is a fmction of 
FA. Suppose we take AQ' as the fraction of AF which re- 
presents the friction, and then complete the parallelogram 
AQ'FF, drawing the diagonal AF'. Now, because AQ' i-e- 
presenta the friction on the two surfaces, or that part of AF* 
vbich oppoaea the motion of the block A along £C, and Q'A 
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representB the forces wbkh F* exerts UyproduosmotumBXcfng 
BC, therefore the body will border on motion when AQ' = 
AQf'; it will remain at rest so long as AQ' is greater than 
AQ", and will move when AQ" is greater than AQ'; or it 
will move or not according a» F"F is greater or less than 
FF, or as the angle F"AF is greater or less than the angle 
F'AF. This last angle FAF i» the limiting angle of resist- 
ance. It of course depends upon the co-efficient of friction 
— ^the greater the co-efficient of friction the greater the limiting 
angle. A person walking on the ground and 6n ice affords a 
very good illustration of the limiting angle of resistance. As 
long as the inclination of the 1^ in waUdng does not exceed 
this angle the person does not slip, but the moment it does 
he slides. The limiting angle of resistance of ice is less than 
that of the ground, hence we say ice is slippery, and to kee]» 
our legs within this angle short steps are taken. 

We sometimes hear of statical friction and dynamical fric- 
tion. Statical friction is that which opposes the commence- 
ment of the motion of one body when in contact with 
another. Its action ceases as soon as» the body moves. 
We know very well that if one body has been moving over 
another, and then vests for a time, it is more difficult to 
move it at first than if we stopped for an instant and then 
began the motion again. Dynamicad friction is. always re^ 
tarding and resisting motion. 

Fig. 149 furnishes a very good illustration of several of 

these points. If the pillar be cut as 
shown, the resultant pressures must 
evidently not make with the perpen- 
dicular to the planes in contact an 
angle greater than the limiting angle 
of resistance; if they did, no resistance 
of one sur&ce can sustain the force 
impressed upon it by the other, and 
they will slip, along each other. It is 
evident that if the cylindrical shaft 
have a saw cu4} through a parallel to 
Fig. 149. the base, that no force in the direction 

AB will cause the two pieces to slide, nor is there any force 
to turn the top piece over on the points a or a'. We considw 
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the whole as a column with the forces acting through the 
axis. If several cuts are made, as 6, e, etc., we shall at last 
arrive at the angle where the limiting angle of resistance 
is exceeded, and the top slides over the bottom piece. To 
prevent it slipping, no more is requisite than that the re- 
sultant, whose direction is vertical, shall not make with the 
perpendictdar to one (^ the cutting planes (say bb') an angle 
greater than the angle of resistance. So long as the plane 
is not inclined to the horizon at an angle greater than that 
angle, no slipping will ensue^ 



CHAPTER VL 
SECTION I. 

MATERIALS EMPLOYED IN CONSTRUCTION AND THEIR 

STRENGTH. 

The drawings in this and the following chapters, with few 
exceptions, are such as may be considered working drawings, 
that may be used as examples or drawing copies. The student 
should not copy oflf the dimensions by means of dividers, but 
work from the marked dimensions and proportions given; 
he should likewise make his drawings to a different scale to 
that employed in the example. Many of the details in this 
chapter will be found employed in the examples of modem 
construction in the last three or four chapters, and the 
student should try and carefully trace them in the Plates. 

145. In this section we shall indicate briefly the chief 
materials employed in machine construction, together with 
some of their properties. There is no material so extensively 
used as iron, for the purposes of machine construction, in its 
various conditions of purity. 

There are two distinct kinds of iron in general use, wrotight 
or malleable iron, and cast iron ; besides these two there is 
an intermediate kind called maUeahle cast iron, which is now 
being very extensively employed, more especially for light 
castings. Another condition of iron, the most valuable, and 
the one that is coming into greater prominence and use every 
day, is steel. 

146. Cast-iron is employed in machine construction to a 
very large extent on account of two important properties it 
possesses: (1) the ease with which it can be cast into any 

uired form, and (2) its great resistance to compression, 
are very many different qualities of cast-iron, all of 
possess these peculiar properties in various degrees. 
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some being more suitable for one purpose and others for 
another; again, by the mixing of various kinds or brands we 
can obtain a soft or a hard metal suitable for different purposes. 
Sir William Fairbaim has shown by experiment that after 
twelve successive meltings, the maximum of strength, elas- 
ticity, and power to resist impact was attained. The maxi- 
mum of resistance to crushing was attained after fourteen 
meltings, when it was 95*9 tons per square inch ; after the 
eighteenth it was 88 tons per square inch; after the first 
re-melting it was 44 tons per square inch. 

The average strength to resist a transverse strain of a one- 
inch bar, 4^ feet between the points of support, has been 
found to be 471 pounds avoirdupois, whilst its power to 
resist impact is 817 pounds. Similar iron has an ultimate 
power of resistance to tensile and crushing strains of 7-^1^ and 
41£^tons respectively, or about 1 : 5 J. 

The strength of a casting depends very much upon its shape 
and the manner in which it is allowed to cool. In castings, 
the crystals of which the iron is composed lie in the direction 
in which the heat passes out of the metal, and as the outward 
shape and form of the casting determines the rate and direc- 
tion of cooling, and the points where the heat escapes, we may 
say that the form and shape of the casting determines its 
ultimate strength ; for it determines the direction in which 
the crystals lie, " the formation of the long axis being in the 
line of direction in which the waves of the heat current are 
passing from the interior of the mass to the nearest point of 
exit." 

The hardness and brittleness of cast-iron are influenced by 
the rate of cooling. When suddenly cooled — and the same 
with steel, glass, etc. — the crystals are fixed in a hard, rigid, 
and brittle state. No time is givemthem to arrange them- 
selves naturally; hence the ii'on is very hard, but very brittle. 
Where the casting is required to be soft, there the mould is 
ma,de of sand, a slow heat-conducting substance ; where it is 
intended to be hard, the mould is of iron, a quick heat-con- 
ducting substance. It is found that cast-iron cooled rapidly 
is much harder than when cooled slowly, and will resist a 
greater amount of wear, friction, and compression. Hence 
chilled castings have, for certain purposes, been much used 
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lately; by ibis method of casting, a wheel for a railway carnage 
has its rim made as hard as hardened steel. We have stated 
above that there is a difference in the structure of a casting 
cooled slowly and one cooled rapidly — the one cooled slowly 
exhibits a large and granular grey structure, while the same 
cooled rapidly will show a dose, white, and brittle structure. 
A difference in the hardness of different parts of a casting is 
thiis obtained — wherever the bad conductor sand comes in 
contact with the casting, it will cool slowly, and the parts will 
be soft; where the good conductor iron comes in contact with 
the casting, it will cool rapidly, or become chiUedj and so 
rendered excessively hard, with rigidity and brittleness. 
When cast-iron is required to be exceedingly tough, it is 
cast with what is called a dead head; molten metal is allowed 
to stand on a tube or pipe much above the top of the casting ; 
according to the height of this column of fluid, pressure is 
conveyed equally in all directions throughout the casting, 
and hardness and tenacity are produced with a little ductility. 
A dead head renders a casting solid and its structure close, 
producing iron fit for hydraulic cylinders. If cast-iron be 
heated and then suddenly cooled in cold water it is hardened, a 
white colour is imparted to it, with brittleness and closeness of 
texture; when once hardened it does not admit of tempeiing. 

147. Malleable Cast-iron. — Cast-iron when it leaves the 
blast furnace has in it from two to Jive or six per cent, of 
carbon, wrought-iron has no carbon in it, while steel has 
from ^ to 1^ per cent, only of carbon ; this is the analytical 
difference between the three. To render cast-iron malleable, 
more oxygen is added to it; cast-iron is a combination of iron, 
oxygen, and carbon. To form malleable cast-iron, the iron 
is subjected to a process of annealing embedded in some sub- 
stance rich in oxygenf when the latter combines with the 
carbon in the iron and renders the metal malleable. When 
steel is made, carbon is added to the pure iron, but here we 
see the process is that oxygen is added. 

148. Wrought or Malleable Iron. — The chemical differ, 
ence between wrought and other iron is, that it is entirely 
free from carbon. Its groat value is in its great tensile 
strength, and that it is as strong in the direction of the 

as it is across the fibre, which is in remarkable contrast 
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to other materials — wood, for inBtance, which is very much 
stronger in the direction oi the fibre than across the grain ; 
again, it is malleable, ductile, fibrous, tough, and wealdable, 
afl these properties give to it its great value. Wrought-iron 
maj not be represented with its fibres free and independent 
of each other, or ready to slide over each other like a bundle 
of wires ; the fibres are firmly bound together side by side 
with a force very nearly equal to their general tenacity. 
Cast-iron is purified by refimng and puddling, and then by 
squeezing, rooling, or shingling, is converted into wrought- 
iron« In the refining and puddling all foreign substances, 
such as carbon, silicoDy phosphorus, sulphur, etc., are eli- 
minated; while* the sqiueeziiig, rolling, or shingling endow it 
with its fibrous, malleable, and ductile qualities. During 
the process of refining or puddling it i» the oxygen of the 
air aeting on the impurities of the iron, and combining with 
them, that renders ^e iron so pure. The shingling or roll- 
ing wrings out from it all mechanical impurities; by the 
various processes the 7^ tons tensile strength of cast-iron and 
the 41^ tons compressive strength are altered to 25 tons per 
square inch ultimate tensile strength, and about 12 tons com- 
pressive ; it has gained enormously what was wanted. Of 
course,, all ivon varie&both in tensile and compressive-strength. 

149, Steel. — The employment of steel in construction has 
of late years made yaat strides ; whereas a few years ago 
it was only used for tools and cutlery, it is now used for 
ndlway rails, boilers, bridges,, etc; A few years ago its 
price was enormous; now prices of the best ii*on and the 
commonest steel almost touch each other. Considering the 
slight (chemical) difference between iron and steely and that 
8teel is but an impure iron, the time must come when steel 
will be as cheap as iron, and displace iron in all structures 
requiring strength. When the different processes by which 
steel is made are considered, it will be readily understood that 
the difficulties are only mechanical, and knowing what Besse- 
mer has done, advanced thinkers and engineers are looking 
forward to the time when steel will be commoner than iron. 
That steel should be produced cheaper than iron is now almost 
-within our grasp. 

Steel is essentially a compound of iron and carbon, made 
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from either cast or wrought iron, by very many different 
processes; it has been already stated that while cast-iron 
contains from 2 to 5 or 6 per cent, of carbon, wrought-iron 
contains no carbon, and steel from ^ to 1^ per cent., rarely 
exceeding 2 per cent. 

To tell a good piece of steel from bad by the mere look is 
not an easy task, moderately fine grain steel is generally good, 
or a curved line fracture and uniform grey texture denotes 
good steel, and the appearance of threads, cracks, or spark- 
ling particles, is a proof of the contrary. A good method 
to test the quality of steel is to forge a tool and try it. Such 
a piece need not be wasted, for if it will not do for one pur- 
pose it will for another. Steel will not stand so high a heat 
as iron in forging or welding, the tenacity can be roughly 
tested by placing a piece on a block of hard cast-iron and 
crushing it by blows with a hammer ; good steel will resist 
the crushing and cut the hammer face, and bury itself in the 
cast-iron. Inferior steel, by the same action, will be crushed 
to powder or beaten flat. As well as resisting crushing power, 
it has a tensile strength of from 30 to 50 tons per square inch; 
good steel after plunging into water will require a fair force 
to break it, and will readily scratch glass. Steel takes a fine 
polish, but if a drop of nitric acid be applied to it, a black 
spot is produced ; iron remains clean under the same test. 

Steel is subjected to tempering, by heating and cooling it 
can be made to assume almost any stage of hardness. When 
the chill is I'apid it is rendered very hard and brittle. When 
about to temper a piece of steel, it is heated to redness and 
cooled in water, and thereby made too strong and haixl and 
brittle; the steel is then again gently heated until it assumes 
various colours, which are a sure sign of certain stages of 
hardness, adapting the tool to the pui-pose required. 

150. Copper is the only red metal. It is very malleable, and 
possesses the property difiowing in a high degree. It can be 
beaten out into leaves of extreme thinness, and being very duo- 
tile, admits of being drawn into very fine wire exceedingly tena- 
cious — inferior in this respect to iron and steel only. Copper 
is strongest when cold, and every increment of temperature 

jms to detract from its strength and tenacity. A cold strip 
mid cany 10,000 pounds was only capable of caiTying 
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7500 pounds when at a temperature of 500° F., and when 
heated to a red heat in daylight (about 1200° ¥,) it lost nine- 
tenths of its strength. From freezing point to boiling point 
it loses one-twentieth of its strength, at 288° C. it loses one- 
quarter, at 430° C. it loses one-half. Hence copper is not 
safe at excessive temperatures. It is used in machine con- 
struction for the internal fire-box of locomotives, for brass 
bronze, bell-metal, gun-metal bearings, vacuum pans, etc. 
It forms an exception to the general rule of annealing; 
copper is actually made softer and more flexible by plunging 
it when red hot into cold water than by any other means. 
Its tensile strength is about 15 tons per square inch, but in 
the cast condition it will break with one-half this strain. 
The remarkable malleability of copper well shows its tenacity; 
a skilful workman will fashion from a solid block of copper 
a large vacuum pan for a sugar boiler by well directed and 
repeated blows, and by carefully annealing the copper after 
each hammering to set the crystals free again and allow them 
to flow outwards with more hammering. 

151. Brass is an alloy of zinc and copper, one part of zinc 
to two of copper; but these proportions are varied very 
much according to the purpose for which the bniss is in- 
tended. Copper is the chief metal used in alloy with others 
to form materials for machine construction. Brass is liable 
to become very brittle when exposed to continual vibration, 
through a crystalline structure being developed or set up in 
the metal; if three parts of copper be added to two parts of 
zinc^ we obtain a malleable brass, called Muntz^s metal; occa- 
sionally a little lead is added to this latter alloy, which 
causes it to become more ductile; a large addition would 
render it brittle. Brass is rather malleable, but will not 
submit to forging when hot. The tensile strength varies 
with the alloy, but good brass ranges between 1 1 and 1 6 tons 
per square inch. Its chief use, among others, in machinery 
is for bushes and bearings. 

Br<yiize is copper and tin — 9 of the former to 1 of the 
latter, is a hard bronze; our bronze coinage consists of 95 
of copper, 4 of tin, and 1 of zinc; tin hardens the copper, 
and it should be remarked in connection with this fact, that 
the behaviour of bronze is the opposite to that of steel; 
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bronze heated and quenched in water becomes soft, but 
heated and cooled slowly, hard. 

Gun-Metal is essentially a bronze, 90J of copper to 91 of 
tin, is the general formula; this composition is harder than 
copper, but more readily melts, and possesses very great ten- 
sile strength, from 10 to 18 tons per square inch. 

Alwminium Bronze is an alloy of nine parts of copper 
with one of aluminium, it resembles gold in colour, but is 
harder and lighter, very malleable and ductile, and can be 
forged either cold or hot, but does not weld. It has an 
average tensile strength df 32 tons, -and some specimens have 
reached as high as 43 tons to the square inch; it is thus seen 
that it is twice as strong as bronze and nearly equals steeL 
The price of aluminium prevents this tdlcy from coming 
into common use. 

152. Babbit's Metal consists of a large quantity of tin, a 
little copper, and twice as much antimony; or about 99^ lbs. 
of tin, 8 J of antimony, 4^ of copper to every hundredweight 
of metal. It is very useful for soft metal bearings, reducing 
the friction very much ; it is generally run into an iron case- 
ing or mould, which compels it to retain its shape. 

163. Timber used in machine construction, — Our most 
useful woods are t)ak, ash, elm, hornbeam, applewood, holly, 
pine, lignum vitse, etc., all of which are more or less used by 
the enginewright. 

For strong, stiff, or durable framework, mahogany, oak, or 
teak should be used. For tough and pliable framework, ash 
should be employed. For framework subject to pressure, elm 
or beech. For levers and connecting rods, strong and tough 
oak and teak must be used ; but if pliability is required, as 
in caniage shafts, then a<sh, hickory, or lancewood. For 
pulley sheaves and rollers, lignum vitae and boxwood. For 
bearing for shafts, box, elm, lignum vitse, or holly, and the 
end wood should be exposed to rubbing. For cogs, crab 
tree, hornbeam beech, applewood, and holly. 

Per sq. in . Per aq. in. 

Ash resists crushing with 9,000 lbs., and has a tenacity 7 to 8^ tons. 
Elm „ 10,300 „ „ 6 „ 

Hornbeam „ 7,300 „ „ 2to9 ,, 

Oak, English „ 8 to 10,000 „ „ 3i to 5 or 8J „ 

FiT ^, 6to6 000 „ 3ito8 „ 
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Ash is used where elasticity and cohesive strength are re- 
quired, a notable instance being its modem application for 
springs in agricultural machinery, and its well known and 
exclusive use for tool handles. 

Applewood and Crab are valuable as hard woods, being 
sufficiently hard and durable and fine-grained to resist a 
great amount of abrasion, hence it is used for cogs in mill 
work. 

Oak is employed because of its durability in water and 
damp places. Such structures as sluices are built of it, 
whilst it enters largely into the construction of wooden 
water-wheels and risers, or buckets for composite one& Oak 
forms the best gearing in damp places, for it stands well to 
its work, where hornbeam or applewood wood " sleep 
away." 

Hornbeam is a white, compact, tough, and hard wood, used 
for gearing in place of holly and applewood. It does well 
under heavy strains, but must be kept dry, as exposure to 
damp and moisture deteriorates it. 

Holly is a white, hard, fine-grained, durable wood, and a 
great favourite where used for cogs, as it possesses toughness 
with elasticity. 

Mm is tough without much elasticity, it stands well in wet 
places, so it is employed in water-wheels; it is the wood of 
the wheelwright and boat builder and machinist. 

Willow is a durable wood in damp situations, although 
light and soft. It is tough and wears well in water, almost 
better than any other wood. It has been employed for the 
floats of paddle wheels. 

I/ignum Vitce is the hardest and heaviest wood known. 
It is cross-grained, the fibres so crossing each other that it 
cannot be split with an axe, the peculiar interlacing of the 
fibres endows it with extreme hardness. The heart of the 
wood is the part most prized and valued for durability and 
strength, and is employed for the sheaves of ship's blocks, 
pulleys, bearings, etc. 

Several other kinds of timber are employed, but the above 
sufficiently indicate the properties that are valuable in ma- 
chine construction, and will enable the student to judge what 
is best fitted for his peculiar purpose. 
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TABLE V. 
Tensile and Gompressivb Stbknoth or Materials. 



Material. 



Cast-iron, 

Wrought-iron, 

Steel, 

Copper 

Brass, , 

Bronze, , 

Aluminum Bronze, 

Gun-metal, , 

Muntz's metal, . . . . . 

Oak, 

Fir, 

Ash, 

Elm, 



Tension in tons 
per sq. in. 






7-3 

25- 
30 to 50 

15 
11 to 16 

14 
32 to 43 
10 to 18 
10 to 16 
5 to 8i 
3ito 8 
7 to 8i 
6 



Compreedon in 
torn per sq. in. 



41-5 
12- 

16 to 34 

26 

3to4 

6 

• • • 

6 

• • • 

^ 

2ito 2i 
4 

4J 



These numbers have been taken from the most recent experiments. 
Authorities differ very much, almost as widely as qusdities of metal 
differ. 
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METHODS OP CONNECTING PORTIONS OP MATERIAL. 

154. There are two methods more frequently employed 
than others to connect two or more portions or pieces of 
material, viz., by boUs and nuts, and by rivets ; the former, 
of which there are numerous forms, is the one most generally 
employed ; however, the method adopted must depend upon 
circumstances, as the nature of the materials to be connected, 
etc. Both methods named are employed to form permanent 
connections; that by bolts and nuts is also employed to form 
temporary connections. 

155. Bolts and Nuts. — "Fig. 150 represents an ordinary 1 J 
inch bolt with hexagonal head and hexagonal nuty the nut 
on the left hand, drawn to a scale of ^, is a plan, while the 
corresponding figures on the right are front elevations, showing 
the screwed end of the bolt and the nut. 
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Let D = diameter of bolt and T = thickness of head, then 
the usual value of T = |^ D. The thickness of the nut is 
generally made equal to the diameter of the bolt for bolts 
under 3 inches diameter, nuts for larger sizes of bolts are 
not made so thick. Nuts are made of three forms — square, 
hexagonal, and octagonal; the second form is the one chiefly 
employed. The two faces, through which the bo]t passes, are 
usually tu/med, except for rough work, and one face, as the 
outside one in the figures, is chamfered; there are two com- 
mon wajB of chamfering, that having a conical outline, and 
the one shown in the figures, which has a spherical outline. 

The table below gives the greatest and least diameters of 
hexagonal nuts for bolts from ^ inch to 3 inches diameter ; 
these dimensions are taken from a table of Whitworth JStan- 
dards, to which we have made a few additions. 

TABLE VL 

A Table ov the Sizes* oe Whitwobth Standard 

Hexaoonal Nuts. 






s 

I 

a 
s 

I 

a 



i 
f 
f 

i 

1 



Dia. across flate. 



•9191 
1101 
1-3012 
1-4788 
1-6707 
1*8605 
2 0483 



u 

lA 
li 

m 

2A 



Dia. across angles 



10612 
1-2713 
1-6024 

1 -7075 
1-9291 

2 1483 
2-3651 



1 



a 



li 

m 
m 

2A 

21 



o 

a 






li 
li 

2 
2J 
2i 
2| 
3 



DU. aoroMflato. 



2-4134 

2-7578 

3-1491 

3-646 

3-894 

4-181 

4-531 



I 



i 






m 

2f 
3A 

m 
m 



DU.aoro«angIea 



2-7867 
3-1844 
3-6362 
4-0945 
4-4964 
4-8278 
6-2319 



1 



8^ 



3A 
31 

4i 

m 

6A 



There are intermediate sizea which are not enumerated iu the Table. 
2 V 
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There are a variety of forms of bolts for special parpodes ; 
thus we have bolts for foundations, as those required for the 
bed-plate of an korizontal engine, bolts for fixing in stone, 
bolts where the head is replac^ by a cotter, etc. 

As the cutting of the thread in bolts reduces their strength, 
a saving of material may be effected in the case of long bolt£^^ 
as foundation bolts, etc., by increasing the diameter of the 
screwed part a 5, fig. 150, so that the diameter of the cross 
section shall not be less than the diameter of a similar cross 
fiection of the other part of the bolt. 

The forms and proportions of the threads of screws will he 
<;onsidered in a future article. 

The material chiefly employed for bolts and nuts is wrought- 
iron ; copper and brass are edso used in special cases. 




Fig. 150. 

156. The drawing of fig. 150 calls for no special remarks, 
•except the hexagonal portions, and as the head and nut 
are similar, we will take as an example a nut for a 1-inch 
bolt. 

Figs. 35-38, Plate XXIX., are elevations and plans of an 
ordinary hexagonal nut for a 1-inch bolt, as represented in 
scale drawings; figs. 35 and 36 are not quite correct, but are 
good approximations. Fig. 36 is drawn first from the given 
dimensions and then the other figures projected from it For 
ordinary scale drawings, sufficient accuracy will be obtained 
in drawing nuts if we take the following as a rule for nuts 
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for bolts nnder 1^ inches diameter : — Make the diameter 
c, fig. 36, across the angles equal two diameters of the 
bolt 

The construction lines show how the figures are obtained 
from fig. 36. The curves ab', figs. 36 and 37, are represented 
as arcs of ciixsles, but their true forms are arcs of ellipses, if 
the outline of the chamfering is spherical, as we shall show 
in the following figures. 

Figs. 38-41, Plate XXIX., represent the nut shown in the 
preceding figures, drawn full size ; the top face is chamfered 
to a spherical outline of radius r ; that is, the inner surface 
of a hollow hemisphere of radius r would touch the cham- 
fered surface of the nut, a portion of which is represented by 
d e f Vy fig. 39. All sections of the sphere being circles, 
that made by the vertical plane v' «', fig. 38, containing the 
face a' V<! d\ will be a circle of radius r, which, in the present 
case, equals one-half the greatest diameter of the nut ; the 
curve V a is part of this circle. The six faces are all equal, 
it therefore follows that the curves a 6', V d' are also equal ; 
but as those marked a h' are inclined to the vertical plane 
(at 60*^ in figs. 38 and 39, and at 30° in figs. 40 and 41), 
their projections a 6', figs. 39 and 41, will not be portions of 
circles, but of ellipses. The construction lines show how to 
draw these arcs of ellipses; arcs of circles may be substituted 
for them, as the error introduced by the substitution is very 
small. 

167. If the nut have a conical outliney the curved lines V a' 
will be portions of hyperbolas; and those marked a'V oblique 
projections of portions of hyperbolas. As another example 
we represent in figs. 151 and 152 the nut circumscribed by 
a liemisphere of radius r in the preceding figures, or we may 
suppose the nut to be cut out of a solid hemisphere of radius r. 
In fig. 151 are shown two vertical section planes v^ 8^ and 
^2 s^f each containing a face of the nut ; the plane v-^ 8-^ is 
parallel to the plane of projection of fig. 152, and the plane 
tu *2 niakes an angle of 60° with that plane. On the left of 
the centre line in fig. 152 is shown one-half of the face con- 
tained in the plane v^ 8^^ together with the portion of the 
sphere cut off by the same plane, which is distinguished by 
section lines. It is obvious that the upper portion of the 
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151, contained in the plane v^ «,, is 
circular, and so is tbat of 
the face contained in the 
plane t>j 9^ bnt as it is 
obliqne to the plane d 
projection, its projeddon, 
ahown on the right hand 
of the centre line, is ellip- 
ticaL The portion of t)ie 
eectien which does not form 
part of the nut is shown in 
section. 

1S8. A common form of 
bolt and tint connection, 
nsnally emplo7ed as a per- 
manent connection, a 
shown in figs. 153 and 154. 
These figures represent por- 
tions of the ends forming 
the joint of two cast-iron 
plates connected by bolts 
and nnts. The whole of 
r portions that form the joint, as 
mtact, but only a narrow strip 
each connected piece, 
which is termed a chipping 
\ pteee. The bolt has a square 
i head 0, the porticai ( next 
J to the head is also square, 
] and fits into a square hole, 
which thus prevents the 
bolt fi-om turning round 
whde the nnt is being 
terewed on; the diagonal 
Fig. 153. Tig. 154. lines on a and b are used 

to denote the form of their cross section, which is square, bnt 
they are as a rule only shown in working drawings. The 
holes for the bolts in such cases are as a rale cast in in the 
pieces to be connected. Fig. 151 is in section. The figures 
are djauto i^ Bcale of ^, 




Pig 151 
the surfaces of the angulai 
seen in fig, 154, a 




BOLTS AND irUTB. 



133 



159. Pigs IBS and 156 represent a common form of bolt 
and nut connection, employed both as a permanent and as a 
temporary connection ; the bolt is similar to the one shown 
in fig. 154. Fig. 156 is in section showing the T-headed slot 
or groove into which the head and 
part of the bolt next to it fits. Fig. 
166 is a plan showing how the bolt 
is placed in position when the slot 
does not pass through the lower 
piece d; the slot terminates in a ^ 
square hole c, in the piece d, beyond i 
■which there ia metal. The head of I 
the bolt ia first put into the square ! 
hole e, and then the piece «, ia which 
there is a round hole to receive the 
upper portion of the bolt, ia placed 
in position, the bolt passing through 
the hole in it; the piece « may now 
be moved into any required position, 
and the nut, or nut and washer, 
fixed. In many cases the slot passes 
tiinnigh the end of the piece or frame 
ill which it is, as tf ; it is then seen 
in elevation, as in fig. 155, other- 
'wiae the slot would not be seen in 
that figure, but would be shown, in i 
dotted lines. The plan adopted is 
nsnallj decided by the circumstances 
of ^e case. 

160. Figs. 167-159 represent another mode of connecting 
two pieces by a bolt and nut, chiefly employed for temporary 
connections. In this example the bolt and its head are 
cylindrical ; the piece a can receive a small change of position 
in the direction a d ; the bolt is prevented from turning by 
the^n or key e. Washers, as e, are generally used for such 
ommeotions, as the one shown in these figures; they are also 
used in most temporary bolt and nnt connections. Fig. 167 
is a sectional elevation made by a plane passing through the 
centre line of fig. 158. Fig. 158 is an end elevation; fig. 159 
an end elevation with the bolt in section, showing the form 
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of the hole in a and the pin a. If we call fig. 157 a Umgi- 
tuditd Beetum, then fig. ISd is a ctom seelUm t£ the htit uid 
pin and part of the piece f>. 




Fig. m. Vig. 158. Fig. 159. 

161. Strengtil of Bolts. — In calculating the Btrangtb of 
bolts it muBt be observed that the diameter at the boUom oj 
the thread is the smallest diameter at the bolt, and tiierefon 
that diameter must be used in our calcnlationa. If we take 
a cross section through the screwed portion of a bolt, the area 
of that section is a little greater thm that of the bolt ^t llie 
bottom of the thread, as the thread makes an angle wltb the 
section plane; still for safety it is better to keep to tiie 
smallest section, as fracture would in all probabi^ty take 
place e-loDg that section. Bolts are subjected to two chief 
kinds of stress — shearing and tensU& The resistance, of the 
metal usually employed for bolts t^ wrought-iron, to frsiCture 
by these two Btresses is about the same. But in tiie case of 
shearing, if the bolt does not fit tightly the b(^ in whidt it 
is fixed, the area of its crow eection must be increased in 
the proportion of 4:3 for round bolts, for it to be equal in 
strength to a bolt that does. As bolts have sometimes to 
^FtthBtand sudden strains, and these often when they are also 
subjected to strains due to overtightening of the nuts, they 
should have a higher factor of safety than that allowed for 
the other parte oi the machine in which they are employed. 

162. Look-Nuts. — In many machine tools, and in other 
machines, bolts have often to sustain sudden jerks and vibra- 
tions, which tend to loosen the nuts and th««by destroy the 
efficiency of the arrangement. To obviate this, several arrange- 
mente have been made for locking the nuts; one common way 
is by the use of Uchnuls; that is, by using two nuts instead 
of one, the second or outer nut being forced up to the first 
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one. TioB airoagement is shown in fig. 160 ; a is the piece 
of metal throngh which the bolt b passes, c is a facing on the 
piece a to receive the nut d, and e is the lock-nut. This 
arrangement is a common one for pede»tai» or pltimmer-bloeix. 
Fig. 160 represents one end of the e<g> of a pedestal with the 
apper portion of the bolt and its nuts. 

There seems to exist some difference of opinion among 
engineers as to the relative thickness of the nuts d and e. 
In some cases the nut e is made of a less thickness than that 
of d, and in obiter cases th^ are of an. equal thioknesa, while 
in some cases e is made thicker than d. There is no doubt 
that the nut « acta ia all three cases more or less as a lock- 
nut; and it seems equally dear that the last case is the most 
efficient one, for the amount of its surface in contact with the 
bolt exceeds that of the nut d. In , 

many cases, where ^e amount of 
the ribration is not great, the nut 
e may be equal to, or less than, d 
in thickness, but in all other cases 
it should be greater. The thick- 
ness of the nutd must be at. least ' 
one-half the diameter of the bolt 
at the bottom of the tliread ; a 
good proportion would be three- 
quarters of that diameter for the 
tiiickness of d, and seven-eighths 
or once for e. 

163. A. method of lotting bolts Lss recently beeu patented 
by Messrs. Brown and Bailey, called " Brown and BaUey's 
Patent Jjocked Bolt." The screwed end of the bolt has cut 
npon it a right-handed thread upon which fits the nut proper, 
as ia the case in an ordinary bolt, this nut corresponds to the 
nut d, fig. 160; but instead of this thread going to the end, 
the diameter of the bolt is reduced for a certain distance from 
the end, and a left-handed thread out upon it Upon thia 
left-handed screw fits the lock-mit, coireaponding to the nut e, 
fig, 160. The locking in this case is efficient, but of course 
there is the cxtiii work involved in the manufacture of the 
bolt, nnd ns the screws arc of different dianictei's, and one 
right and the other left handed, the bolts must be made 
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specially for the purpose for which they are reqaired, as only 
a very small variatioa in the thickneas of the connected pieces 
is admisaable. 

164. Besides the two arrangementsof locked boltsdeecribed 
in the previouH articles, there are several others in use. In 
some instences a piece of plate-iron, nmilar to a double-ended 
ecrew-key, is made to clip two nuts on different bolts, as the 
nuts on a pedestal, and thus prevent them from turning. 
Another method is to fix a set-screw in the nut, ajid screw 
it tight against the bolt upon which the nut is screwed; 
the disadvantnge in this case is, that the set-screw is liable 
to damage the thread on the bolt ; this liability may be 
reduced by interposing between the set-screw and tlie bolt 
a piece of soft metal. 

Each of the methods enumerated has ite special advantage, 
and in selecting one of them, of course that most suitable 
for the cnse under consideration should be chosen. 

16S> Bolt and Cotter.— It is often necessary to dispense 
with the heads of bolts, and substitute in their place either 
a ootter or a screwed end ; if the first plan is adopted, as it 
; is in many cases, the ar- 

rangement is termed a 
cottered bolt, and the 
second plan a stud or 
stnd-bolt. Pigs. 161 and 
162 represent one form 
of the bolt and cotter 
mode of connecting two 
pieces ; a and h are the 
two pieces, a being con- 
nected to 6; c is the 
bolt, and d the cotter. 
7bA cotter is employed 
to bold the bolt in posi- 
tion and to connect it to 
the piece h ; the piece a 
is forced up to 6 by the 
nut / on the screwed 
of the bolt. In 
of the bolt 
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Fig. 162. 
161 we have shown the cottered end 
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contact with the end of the hole in the piece b, against 
ich it is forced by the cotter, the front or left edge of which 
ITS against the cotter-hole in b ; and the directions of 
) pressure exerted hy the cotter, as it is driven homt, 
> represented by the arrows. The cotter presses against 
) front edge hlc of the cotter-hole in b, and against the 
;k edge of the hole in the bolt c, clearance being allowed 
the other edges as shown ; the cotter should fit easily on 
broad sides bo as not to wedge tight on those sides. As 
) strength of cotter bolts is reduced by having the cotter- 
le made in them, it is nsual to make that portion contain- 
; the cotter-hole of a square cross section, and bo increase 
area. If it is desirable to have the cottered ends cylin- 
cal, then' the strength of the bolt may bo increased by 
king the ends throngb which the cott«r passes of a larger 
jneter than the rest of the bolt 

166. 8tad or Stud-Bolt. — Studs are employed in a variety 
cases where ordinary bolts with heads could not be used, 
some cases they are simply cylindrical pieces of metal with 
f>ortioii of each end screwed, in other cases they have 
Jlats made upon the part between the screwed ends, so 
it they may be cbpped by a tcreto-key to facilitate the 
«rtion of one end into the screwed or tapped hole made 
receive it Theae flats of course tend to weaken the 
d, and therefore, where strength is essential, it is usual to 
ke a portion of the stud of a square cross section, the side 
the square bemg equal to the diameter of the round part. 




Rg. 163. Fig. 164. 

ji figs, 163, 164, is shown a stud of the form just men- 
led, o and b are the two pieces to be connected, a being 
smaller; c is the stud, and d the square portion which is 
d when screwing the end e into the tapped hole in ft. 
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He iqHare portion d also acts as a collar, so that tbe stuit 
may be screwed tightly in its place, the collar bearing against 
the piece b. Tbe piece a is held in position by the But/; a 
i-ecess g is made in this piece to receive the square portion d 
of the stud. This mode of connection is oEtrai employed for 
tbe covers of tteam cyRnd^s, covera of tteam eheata, etc. 
Fig. 163 IS a longitudinal section, and fig. 164 an end eleva- 
tion, they are drawn to a scale of J 

Examples of tbe use of studs will be found in the detailed 
drawings of the steam hammer 

167 In tbe Btud bolt arrangement described in the previ- 
ous article, (wly two pieces are supposed to be connected, 
but, of course, three or more may be connected, provided 
they are placed between d and tbe nut/; and it is equally 
clear that &a soon as tbe nut is nnserewed, the wbc^e of the 
pieces become disconnected 





Fig 165 ilg. 166. 

In figs. 165, 166, is shown an arrangement of stud-bolt by 
means of which tluee pieces can be connected, and either of 
tbe outer pieces disconnected, without disturbing the other. 
Tbe three pieces to be connected are a, b, and c ; a is tbe 
middle one and the largest, the bolt d has a collar e upon it 
which fits in a recess made in the piece a; the end/passes 
through the piece c, and baa screwed upon it, when in posi- 
tion, a not g which connects the pieces a and e. On the 
other aide of the collar e there is a square portion by means 
of which the bolt is prevented from turning while the nut g 
is being screwed on ; in some cases, instead of a nut, the end 
/may he screwed into another piece of metal, as the piece e, 
which is sometimes necessaiy. The piece b ia held in posi' 
tion by the nut A, 

Fig. 165 is a longitudinal section, and fig. 166 an end eleva- 
tion with nut h and the piece b removed ; they are drawn to 
a scale of \. 
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168. Sef-Sorews. — These are bolta used to connect two or 
more pieces of mftterial 'wbere one of the outer pieces acta 
the put of a nut, that is, the end of the bolt is screwed into 
the tapped hole of that outer piece, such n bolt is called a 
set-screw. Set-screws are also used for pressing or forcing 
one piece of material a^iinst another, as shown in fig. 167, 




Fig. 167. 

where d and e are two set-screws. The set-screw e passes 
through the piece b, which forms a nut a&d presses againat 
the «(rtp c, which is in turn forced against the angular surface 
of a. The piece e is attached to & by the set-screw d, which 
is of the form first described. In some cases the head of 
tbe set-serew is counlerguTik. Set^screws are of very common 
use in all kinds of mechanism. 

169. Pins. — Each of the connecting pieces, we h«Te so far 
considered, is subjected to either tensile stress, shearing 
utress, compresuon, or a combination of these. In many 
connections the stress is simply one of shearing, in which 
case a pin may be substituted for the bolt; as examples of 
this kind ot connection, we may mention joints of tie rods and 
forked joinU in general. 

In ^B. 168 and 169 are shown the ends of two rods a 
and b, tiie former has a forked end e, into which is fixed the 
end d of the rod b, and through the two is placed a pin e. 
The ends c and d are enlaiged, as seen in fig. 169, so that 
they shall be as sti'ong as the other portions of the rods ; 
generally, the cross sections of the end^ are a little greater 
in area than those of the rods. The pin e is round and has 
a round head /, the end g has a washer upMi it which bears 
ngunst one facing on the forked end of a passing through 
the pin, and outside this washer there is a ^it pin g which 
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keeps the pin e in position. Sometimes the washer is dis- 
pensed with, and instead of a split pin an ordinary one of 
round tcire is substituted. 




Fig. 168. 

In some cases the end g is screwed, and one of the holes 
in the forked end e tapped to receive it; in this case the 
small pin, split or otherwise, is dispensed with. Sometimes 
a bolt and nut is used in place of the pin e, but the con- 
necting piece e is in all such cases considered to be a piriy 
and is so named. 

170. Steady Pins. — Brackets and other fixtures attached 
to the frame or other portion of a machine, often require to 
be more firmly connected to that frame than they can be by 
simply fixing them with bolts and nuts; also, it often hap- 
pens that a bracket, fixed as stated, has to be removed now 
and then, and unless some provision were made, it would 
have to be reset each time it was refixed, as the bolt holes, 
being generally larger than the bolts, Are not a sufficient 
guide in refixing. In such cases steady pins are employed; 
they are simply pieces of round iron or steel, turned, and 
are driven tight into holes prepared for them in the two 
connected pieces after the smaller one, as the bracket^ is 
fixed in position. Two such pins at least are, as a rule, 
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necessary to fix the position of the bracket, and they should 
be placed as diametrically opposite to each other as possible. 
In many cases it is convenient to make other provision for 
the purposes for which steady pins are stated to be used; 
in such cases they are dispensed with. As a simple and 
accurate means of fixing brackets, etc., they are very 
useful. 

171. Rivets. — Rivets are cylindrical pieces of metal having 
generally a head of a hemispherical form; they are used for 
the purpose of permanently connecting two or more pieces 
of material, and when fixed in position another head is 
formed by the process of riveting. It therefore follows that 
the pieces of material thus connected must be of such a 
nature as to admit of the riveting process, as in the case of 
wrought-iron or steel plates for boilers, girders, etc. 

Fig. 170 represents an ordinary form of rivet;* allowance 
is made in the length I for the other head, which is formed 
when the rivet is put in position. The process of fixing and 
heading rivets is termed riveting or clenching, and the con- 
nection or joint is termed a i 
riveted joint. The material em- y^+x y^ 

ployed for rivets for wrought- /fTYN ( 

iron and steel structures in ^^5^ \ 

general, is a specially prepared l"^ 

tough and ductile wrought- ' 

iron called "rivet iron," hav- Fig. 170. 

ing a tenacity of about 60,000 lbs. per square inch. Other 

metals are used for special kinds of work. 

In boilers, girders, bridges, and all wrought-iron and steel 
structures, the rivets are made red hot, put in position, and 
then the head is formed, either by hand tools or by a riveting 
machine. We have thus a connecting piece with two heads, 
corresponding to the bolt head and nut in a bolt and nut 
connection; but in the present case both heads are per- 
manently fixed. The rivet being put in position when it is 
hot, draws the connected plates together by its contraction 
as it cools, thus forming a close and tight joint 

Kivets are subjected to a shearing stress in most cases, 
and, providing they fit the holes accurately, their resistance 
* A table of the dimeuaions of rivets for boilers is given on p. lii. 
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to Bbearing is nearly eqool to U>e tenaile fltrengtk of the 
metal of which they are made. 

172. Biveted ConnectiiHie. — ^There are two methoda of 
forming the jointe of riveted connectiooB, one by butting or 
placing the edges of the two plates end to end, forming whnt 
is termed a " butt " joint; by the other method, the plates 
project or overlap each other, forming a " lap " joint. In 
the first example, the butt-joint, it b necessaiy to employ 
one or more cunnecting cover platet, which are placed over 
the joint and riveted to each plate; in the second case, the 
rivets are put through the two plates where they ov^-lap. 
In the case of the butt-joint, the plates connected together 
form one surface; but in the case <tf the lap-joint, they fomt 
two surfaces; hence, in cylindrical boilers that have lap- 
joints, two adjacent portions, formed by separate rings of 
plates, are of lightly different diameters. 

There are several kinds of riveting in nae which differ 
according to the number and arrangement of the rivets emr 
ployed, Thna we have single, double-chain or zig-zag, and 
chain riveting proper; this latter kind was introduced by 
Sir W. Fairbaim, and ia employed chiefly for girder and 
bridge work. We shall proceed to illuBtrate some of the 
various forms of riveted connections, wad ateto the relative 
strength of each kind of joint. 



Fig. 172. Fig. 171. 

173. Single Riveted Lap-Joint.— In figs. 171 and 172 is 
shown a single riveted lap-joint, as used for boilers, etc 
Fig. 171 is a front etevatian, with the rivets on the right of 
the line be in section; fig, 172 is a cross section through 6c, 
The two plates are arranged to overlap each other to a 
certain extent, and hence the name lap-joint. The lap is the 
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distance a; the distance p of the rivets from centre to centre, 
is termed the pitch, the line containing these centres being 
midway between t^e projections of the ends of the plates, as 
seen in the section. The figures show a portion of the joint 
of two f inch plates, drawn to a scale of ^. The proportion 
of lap, as used for boilers, for different thicknesses of plate, 
and the dimensions of the rivets, is given in Table YII. 

174. Double Riveted Lap-Joint — ^There are two ways of 
arranging the rivets to form this joint — I. Chain riveting ; 
II. zig-zag riveting ; we will take them in order. 

I. Chain riveting. — In figs. 173 and 174 is shown a chain 
double riveted lap-joint; fig. 173 is a front elevation, with two 
rivets in section ; fig. 174 is a section made by the plane d e. 




rig. 174. Kg. 173. 

The connected plates are maiked b and c, a is the lap. 
There are two ranks of rivets, the centre lines of which are 
parallel to each other and to the ends of the plates, as shown 
in the drawing; the distance p, centre to centre of two adjacent 
rivets, is termed the pitch. In chain riveting, the rivets in 
each rank are placed behind those in the preceding rank ; in 
the present case there are two ranks, as the joint is double 
riveted. 

II. Zig-zag riveting. — In fig. 175 is shown a zig-zag riveted 
lap-joint. There are two ranks of rivets, the centre lines of 
which are parallel to each other and to the ends of the plates, 
but the rivets in one rank are opposite the apaeea in the other, 
and hence the term zig-zag. llie two connected plates are b 
and c, the lap a, and the pitch p. The distance between the 
ranks together with the pitch p determines the angle of the 



Ui 



MACHINE COKSTBUCnOV AND DBAWIKG. 



zig-zag formed by joining the centres of the rivets. We bave 
not given a rule for either of these because of the varying 
opinions, among boiler-makers, that exist respecting them. 




Fig. 175. 

The amount of lap as used for boilers for different thick- 
nesses of plate is given in the annexed table. 

176. The following table gives the size of rivet, pitchy and 
breadth of lap for d^erent thicknesses of plates, as used for 
wrought-iron boilers. 

TABLE Vn. 

Dimensions of Kivets, etc., fob Boilebs. 

The Dimensions are in Inches and Decimals of an Inch, 



Thickness 
of Plate. 


Diameter of 
Rivet. 


Length of 

Rivet from 

the head. 


Pitch. 


Bbbadth or Lap. 


Single 
Riveted. 


Doable 
Riveted. 


•19 
•25 
•31 
•38 
•50 
•63 
•75 


•38 
•50 
•63 
•75 
•81 
•94 
113 


•88 
113 
1-38 
1-63 
2-25 
2-75 
3-25 


1-25 
150 
163 
175 
2-00 
2-50 
3 00 


1-25 
1-50 
188 
200 
2-25 
2-75 
3 25 


2-08 
2-60 
313 
3-33 
3-76 
4-68 
5-41 



Note, — The pitch is for single riveting; double riveting will b© 
given presently. 
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176. Single Riveted Butt-joint— Figs. 176 and 177 repre- 
sent a single riveted butt-joint with one cover plate; a and b 
are the two connected plates, and C is the cover plate. There 
are two ranks of rivets, one on each side of the joint formed 
by the plates a and b, so that each rank connects its plate to 
the cover plate ; the pitch of the rivets is the distance p, as 
before described. If there is only one cover plate, as in the 
example, it should be at least of the same thickness as the 
connected plates ; if there are two cover plates, one on each 
side of the plates a and b, they should be a little more than 
half the thickness of a or b. For single riveted joints, the 
width of the cover plate (or plates) is generally made about 
5^ times the diameter of the rivet. In the example, figs. 
176 and 177, the plates are f inch thick, the rivets f inch 
diameter, and the cover plate ^ inch thick by 4^ inch wide. 
Fig. 176 is a front elevation, with the rivets on the right of 
the line dein section, and fig. 177 is a section made hy de; 
they are drawn to a scale of ^. 




Fig 177. Fig. 176. 

In a double riveted butt-joint there are two rows of rivets 
on each side of the joint, which may be arranged as chain 
riveting, or as zig-zag riveting, previously described. 

177. Chain Riveted Joint. — ^Where considerable strain has 
to be borne by portions of built up structures of iron or steel 
plates^ as in the case of the booms of girders for bridges, etc., 
it was found that the ordinary double riveted joint was not 
strong enough, and Sir W. Fairbaim designed what is known 
as the chain riveted joint. This joint is made by simply in- 
2 K 
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creasing the amount of the saHace of the coyer plate or plates, 
and the number of the rivete, so as to dbtribute the strain 
over a much larger area. 

Figs. 42 and 43, Plate XXIX., represent a chain riveted 
joint with two cover plates ; there are two thicknesses of 
plates to be connected, a and b, and c ; the plate c breaks or 
covers the joint made by a and 6, which is in the middle of 
the length of the cover plates d and e. The riveting oonsists 
of 4 ranks, /, of rivets 4 JUes wide on each side of Qie joint 
The plates are f inch tiiick, the cover plates ^ inch thick, 
and the rivets 1 inch diameter. The pitch 'of the rivets is 
■the distance p, or 3 inches measured from centre to centre of 
two adjoining rivets in the same rank. 

Fig. 43 is a plan showing the cover plate d ; the rivets 
on each side of the joint made by the pkites a and b are in 
section ; fig. 42 is half in section ; they are drawn to a scale 
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Strength of Riveted Joints. — It will be obvious that 
the holes made in the plates at the joints of riveted structures 
to receive the rivets weaken the plates and, therefore, the 
joint, by reducing the effective area of the plates; so that in 
calculating the strength of a riveted plate, the strength at the 
joint must be taken, and not that of the solid plate, because 
the joint is the weakest part. Fracture of the joint may take 
place either by tearing the metal between the rivets (along 
the centre line of the holes), or by detruding the metal between 
the rivet holes and the edge of the plate, '^erefore, in design- 
ing a joint, attention must be paid to these two points. Sir 
W. Fairbaim gives the following rule : — The general rule for 
proportioning riveted joints is, that the shearing area through 
the rivets should be equal to the area resisting tearing in i^e 
plate after deducting the rivet holes. Let t denote the iMck- 
ness of the plate or plates, d the diameter of a rivet, n the 
number of ranks or rows of rivets parallel to the joint^ and 
p the pitch in the ranks. 

^, , . 7854 n(«« f^. 

Thenp = a + (1). 

t 

For a single 'riveted joint, w = 1, and equation (1) becomes 

, •7854rfa. 
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Example, — We will apply this rule to ascei*tain what should 
be the pitch in the ease of the single riveted joint shown in 
figs. 171 and 172. 

Here < = f inch = -38 inch, rf = | inch = '76 inch, and w = 1 ; 

*v. A . *7854 d^ 
then p = a + ; 

-•75 + 1 16 =1-91 inch. 
According to Table VII. the pitch should be 1*75 inch, 
which is a little under that obtained by the foregoing rule. 

179. The relative strength of single and double riveted 
joints, designed as described in the previous article, the joints 
being of equal widths, is as follows : — 

Assnming the strength of the plate to be 100 

The strength of a double-riveted joint will be ...; 70 

And that of a single-riveted joint 56 

Therefore the ratio of the strength of a double riveted joint 

to that of a single riveted one is as 5 : 4. 

Putting the foregoing proi>ortions in another form, and 

assuming the tensile strength of the iron to be 50,000 lbs. 

per square inch, we have the strength of the joints per square 

inch of plate as follows : — 

Strength of plate, 60,000 lbs. 

„ aonble riveted joint 35,000 „ 

„ single riveted joint, 28,000 ;, 

These data are the results of experiments made by Sir W. 
Fairbaim. 

180. The strength of a well-designed chain riveted joint, 
with a cover plate on each side of the jointed plates, may 
appi'oach very nearly to that of the plate itself; this was 
shown by an experiment made by Sir W, Fairbaim. Such a 
result maybe exceptional; however, the strength of such a joint 
generally approaches to 85 per cent, of the strength of the plate. 

The strength of a riveted joint also depends on the mode 
of fomdng lie rivet holes, whether punched or drilled. It 
often happens, in the case of punched holes, that, when the 
plates to be connected are brought together, the holes are 
not concentric, and then to make them so they are drifted, 
which of course tends to weaken the plates still more, by 
ill usage, and by reducing the area of the plate. The damage 
caused by drifting the holes may be avoided by using a cut- 
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ting instmineiit/as a reamer; still ther^ is the loss of area 
due to the enlargement of the holes, and so the joint is 
weakened even bj this process. Another defect arising from 
the rivet holes in the connected plates not being concentric 
is, that the rivets do not always fill the holes, and the shear- 
ing strength of the rivets is thus reduced. 

Recent experiments have proved that joints having drilled 
rivet holes are much stronger than when the holes are formed 
by punching, the gain in strength being about 10 per cent, 
lliis arises from tjie fact, that drilling does not damage the 
plates as punching does, and also that the pitching of the 
holes is generally more perfect in driUed work than in 
punched, and therefore the rivets fill the holes and make a 
more perfect connection. 

181. Since writing the foregoing, further particulars re- 
specting the relative value of punched and drilled rivet holes 
have been published, which we give below. No doubt, in 
time, even more satisfactory data will be furnished, either 
by Mr. Kirkaldy, or through some other source ; and that, 
in addition, the whole question of riveted joints will be in- 
vestigated, so as to bring our knowledge of these connections 
on a level with the present state of exact workmanship: 
most of the data we possess is rather old, and refers to 
pimched work chiefly. 

Some of Mr. Eirkaldy's latest tests had given the follow- 
ing results,* the comparison is made between plates similar 
in every respect, except that the one has been punched and 
the other drilled : — 

TABLE VIII. 



Wrought-Iron Plates. 


Punched 
Holes. 


Drilled 
Holes. 


Beduction of strength of net section ) 
between holes as compared with > 
equal area of solid plate, ) 

Elongation of holes at rupture, 


Per cent. 
87 
7-65 

Lbs. 
23,292 
22,063 


Percent 

00 

15-8 
lAm. 

27,982 
25,600 


Ultimate tenacity alone fibre 


^^ „ ,, across fibre, 





* Engineering, May 6, 1876. 
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182. Examples of Riveted Structures.— In figs. 44 and 

45, Plate XXIX., are shown a portion of a wrought-iron 
plate girder, illustrating how the several pieces are connected 
together by rivets. The girder consists of a central plate a, 
called the toebplcUe, made up of separate plates; if the girder 
is of such a length that one plate cannot be conveniently 
obtained, this remark also applies to the other plates used ; 
top and bottom plates 6, b forming thejlanges or booms; and 
lengths of angle-iron c, c, c, c, which are riveted to the web 
and the booms, the whole forming an H-shaped cross section, 
as seen in fig. 44. The joints in the booms have cover plates 
dy d over them ; the rivets in these places pass through plate 
or plates, cover plate, and angle-iron. At intervals in the 
length of the girder are fixed plates /. . ./y on each side of 
which are pieces of angle-iron e...e, bent to the form shown 
in fig. 44; these pieces of angle -iron are riveted to the 
plates /.../, the web a, and the booms b, b. These plates, 
with their angle-iron connecting pieces, form stiffening or 
stmt plates, and add to the strength of the girder. At each 
end of the girder there is an end plate g, which is connected 
to the web and booms by angle-iron. 

The top boom in fig. 45, which is a longitudinal elevation 
of a portion of the girder, is in section made by the plane hk, 
fig. 44, which is a cross section, with the top boom in sec- 
tion through the rivets, showing the connection between the 
plates b, b and angle-iron c, c, c, e, and also between b, b and 
the angle-iron e...e. The figures are drawn to a scale of •^^. 
The number and thickness, and therefore the total depth, 
of the plates forming the booms, as also the proportions of 
the other parts, must of course depend upon the span of the 
girder and the weight, live or dead, or both, it has to carry. 
The girder under discussion is 33 feet long, 2 feet 6 inches 
deep, and 1 foot 6 inches across the booms ; the web-plates 
are ^ inch thick, the top and bottom plates forming the 
booms are ^ inch thick, the cover plates are f inch thick, 
and the angle-iron c is 4 x 4 x ^ inchies ; the strut plates / 
Mid end plates g are ^ inch thick, and the angle -iron c 
3 X 3 X ^ inch. 

188. As another example of a riveted structure we give 
^t of a portable boiler, a portion of which is shown in 
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figs. 46 and 47, Plate XXIX. The boDer consists of an 
outer shell a, flue c inside the shell d, etc., but it is onlj 
with the shell and flue and their connection that we are con- 
cerned. The shell is built up of rings of plates, the end 
rings have attached to them end plates h, h bent to the shape 
• le^own in fig. 47. The shell and flue are cylindrical in form, 
but are not concentric, hence the end plates by h are of the 
form shown in ^g. 47, e being the centre for the shell and/ 
that of the flue. The shell a and end plates 6, h are con^ 
nected by lap-joints, single riveted, as shown in fig. 46, which 
is a section through the central plane eg oi ^g. 47, of the 
front end of the boiler. The fine projects beyond the shell 
and end plate ; round this projecting part is fixed a ring d 
of angle-iron, which is riveted to the flue and end plate, thus 
connecting the shell, flue, and end plate. Fig. 47 is aa end 
elevation, with a portion of the angle-iron, ring, and flue in 
section, showing the rivets; and with a portion of the shell and 
end plate in section. The figures are drawn to a scale of -^. 

184. Oibs and Cotters. — There still remains another 
method of connecting two pieces to be described and illus- 
trated — gib and cotter. This arrangement is employed' both 
as a permanent and temporary connection; it is a connection 
for special purposes, and is not applicable to those already 
considered, except in the case of the cotter bolt. Sometimes 
one of the connected pieces is required to move while the 
other remains stationary, frequently both pieces have motion 
imparted to them, as in the case of the connecting rod of a 
steam engine, when the connection at the end is often made 
by means of gibs, a cotter, and a strap. Again, both con- 
nected pieces may be stationary, still in this case the principle 
of the connection is the same, as will be seen from the figures 
and descriptions immediately following. 

There are three forms of this connection to describe : — 
(a) The simple cotter without gibs; (6) a cotter and one gib; 
(c) a cotter and two gibs. Of the second and third forms 
there are a variety of designs, and various means are em- 
ployed to force home the cotter and keep it there. 

A cotter or cutter is a tapered piece of metal, generally 
resembling in form and action a wedge, but with this dififer- 
.ence^ the wedge is used to force asunder parts of the same 
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|aece or of different pieces while the cotter is employed to 
draw together, by means of available parts, two or more pieces 
of metaL The amount of taper given to the cotter must not 
exceed the angle of repose of metal upon metal, which, for 
greased soi&ces, may be taken at about i"; a common rule 
is to make the taper ^ to ^ of an inch to each foot of length. 

(a.) Cotter coimecting two pieces without a, gib. In the 
annexed figure we have an example of the use of a cotter 
withont a gib being employed in conjunction with it; it here 
mEuntains the holt a iu' the hole made in the piece b to receive 
it. The action of the cotter is simply to wedge itself tightly 
into the pieces, and main- 
tain ite hold by the grip 
tiins indnced. It is quite 
evident that so long aa d 
keeps its place, the bolto 
cannot be removed from, 
(. In figs. 2 and 3, 
Plate XXIII., we have 
a very good example of 
a cotter connection. The 
cotter in this case is em- 
ployed to connect the 
rod E H with the strap 
V of tihe eccentric, by 
forcing home the cotter, 
the collar on the rod H 
is forced against that on 
the strap Y, clearance 
being allowed, as shown fig. 179. 

in fig. 3, to admit of this motion of the cotter, the action 
here is exactly similar to that shown in the former part of 
this paragraph, except that in the latter the collar H bears, 
or is forced against the other connected piece, while in the 
former the end g of the bolt e bears against the end of the 
hole in the piece g, which is at once perceived by an exami- 
nation of the figure. 

(b.) A cotter connecting two pieces when one gib is used. 
By referring to Plate XL., figs. 1 and 2, two views of a con- 
oecting rod are there given ; a very fair example will there 
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be found of the ttrap, gib, and cottar; o is tKe cotter, n n the 
gib, uid H the atnp, the references refer to both figures. 
Hie shape (d the gib n n is easily traced in the upper figure, 
the dotted line showing the pcu^ hidden &om view. The 
object of muHng the gib in the form shown, is to render it 
impossible thsit it shall fsU out 
whmt the connecting rod is at 
wwk. Tbs cotter needs no far- 
ther reference, it is seem how it 
) to keep the gib in its 
place. The strap H is also 
shown completely ; but, perhaps, 
a moment's inspection of '^e 
figure in the margin will give 
^^ 179. the student a better idea of its 

true shape. It must be understood that the strap here given 
is not the same shape as the one in fig. 3, ]^te XL., to 
which our remarks above refer. 
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Jft) A cotter and two gibs. Fig 180 shows a connecting 
—1, held together by a strap, cotter, and two gibs; the 
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strap 18 marked 8 8, the cotter a, and the two gibs 5 5, re- 
spectively, they firmly hold the brasses at the end of the rod 
in their places; the advantage of two gibs is, that they keep 
the strap firmer against the brasses. The screw which forms 
the lower part of the gib is to prevent the cotter from falling 
or being jerked out when the engine is in motion. After the 
strap 88 ia put on the connecting rod, the gib b is inserted, 
and then the nut c id placed so that when the key a is put 
in, the nut can be screwed up. The key is driven home with 
the hammer, the nut c being slackened to allow it to come 
down. When it is made as tight as is required, the nut d 
is put on and screwed up tightly. Then c is screwed down, 
and so the two prevent the key from becoming slack. The 
hole for the bolt at e must be made elliptical, so as to allow 
the key to come down without bending the bolt. 



SECTION m. 

BOTATING PIECES AND THEIR BEARINGS — SHAFTING KEYS — 

BEARINGS — BUSHES — PEDESTALS — PIVOTS — FOOTSTEPS — 
SLIDES OB MOTION BLOCKS — COUPLINGS — CLUTCHES. 

185. In Chapter V., Section I., we have defined the 
kinds of simple moving pieces and their bearings ; we now 
propose to give some examples of them in this and the fol- 
lowing section. 

186. Shafting. — The term shafting is applied to the 
lengths of material, usually of a circular cross section, which 
are employed for the purpose of transmitting motion by 
means of wheels, pulleys, or drums, etc.^ from one part of a 
mill or workshop to another, A length, or line of shaftingy 
may consist of one piece, or of several lengths or pieces con- 
nected together by means of couplings. If the length or 
piece is short, say 6 or 6 feet and under, it is called a shaft ; 
this is also the term applied to shafting employed in machines, 
where generally the shafts are short compared with a line of 
shafting in a mill or factory. The term spindle is often 
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employed instead of shaft; thus we say the spindle of a 
lathe, and not the shaft; and in many machines and machine 
tools the term spindle is used for a certain shaft, of which 
we shall have several examples when speaking of machine 
tools. 

The cross section of aU shafting is usually circular, aa the 
form offers least resistance to the air; there are, however, 
other forms employed, as square, octagonal, etc. Shafts and 
shafting are generally solid, but in some cases hollow shafts 
are employed. 

The stresses to which shaft? and shafting are subjected are 
generally of a complicated kind, but there are certain stresses 
which most shafts have more or less to withstand, and to 
these we will refer. The material chiefly employed is wrought- 
iron; cast-iron and steel are also used. The relative strengths 
of these materials have been already given, and from what 
was then said the student can form an idea as to the best 
material to employ. The strain to which shafting is chiefly 
subjected tends to wrench the shaft asunder, or causes back- 
lash in the machinery driven, so that it runs unevenly. The 
remedies may be one of two— either make the shafting of 
greater diameter, or put a moderately-heavy fly-wheel on 
the end of the shaft; the wheel equalises the power. Some 
shafts are simply loaded transversely, and are only subject 
to a bending strain. Shafting that transmits power is sub- 
ject merely to torsion, while crank shafts are subject to 
torsion and bending. 

187. Collars and Necks of Shafts. — Shafts are supported 
in bearings, of which there are at least two for each ; in the 
case of a line of shafting there are ai*e several bearings, 
arranged at equal distances apart, or according to the speciial 
circumstances of the case. In all cases shafts have to be 
maintained in their places and prevented from leaving their 
bearings in the direction of their length ; this is effected in 
several ways, as follows : — (1) By odlars, e c, welded to the 
shaft, as shown in flgs. 181 and 182. (2) By loose collars, as d, 
^g. 183, attached to the shafts by means of set-screws. (3) By 
the wheels, pulleys, etc., flxed on them, the bosses of which 
take the place of the £xed or loose collars before named, 
by a combination of these arrangements. 
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Figs. 181 and 182 represent an ordinary shaft with two 
fixed collars, c and c ; the shaft is shown broken off at ab, 
which is the usual way of representing a piece of material, or 
a portion of a machine, which cannot be drawn in full accord- 
ing to scale; the length is always marked in figures, as shown 
above. The length of the neck e, which forms one of the 
bearings, is generally made 1^ times the diameter of the 
shaft, for shafts under & inches diameter; some engineers 
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Fig. 181. Kg. 182. Fig. 183. 

allow as much as two diameters, and in special cases, as, for 
example, in high-speed shafbing, even more than this. One 
rule is, that for cast-iron shafting the right-hand figure 
journals must be 1^ times the diameter of the shaft, and for 
wroughtriron If times the diameter. The foUowing short 
table, taken from Sir William Fairbairn's works, gives an 
idea of the size of bearings and the weights they sup- 
port : — 

TABLE IX. 





1 


l| 

sq. in. 
252 

95 

150 

18 

8 


• Weight on 
Bearing. 


Weight per 

sq. in. on 

Bearing. 


Fly-wheel Shaft, wroaght-iiron, 

Vertical Shaft, cast-iron, 

Horizontal Shaft, cast-iron, 

„ „ wrought-iron. 


18x14 

11x8-6 

15x10 

6x3 

2x4 


lbs. 

45,024 

25,061 

6,000 

540 

160 


lbs. 

178-21 

2427 

40 

30-0 

20-0' 


tt II II • ••* 



Loose collars are employed chiefly in cases where- fixed 
collars would prevent the fixing of wheels, pulleys, etc. ; cT, 
fig. 185, represents such a collar. In figs. 184 and 185 the 
looBB ccUhr, d, is shown drawn to a larger scale ; the figure 
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is pai-tly in section, showing the set or pinching-screw /, by 
which it is fixed to the shaft. 




Fig. 184 Fig. 185. 

188. Strength of Shafting. — ^The chief stress to which 
shafting is subjected is torsion, but in many cases we must 
consider the resistance it offers to deflection, and also the 
stiflhess of the shafting. These elements vary in different 
cases; thus a short shaft, perfectly strong enough to transmit 
a certain amount of power, may be quite unequal to the task 
if it were, say, 5 times as long, the failure in this case result- 
ing from a want of stiflhess, or from not being strong enough 
to resist the lateral pressure due to one or more pulleys and 
their straps. It must be assumed that with shafting the 
deflection ought never to exceed yuj^ V^^ ^^ ^^ ^^^ ^^^ 
every foot length of the shaft, for stiffness is a much more 
important element than strength. 

We will first consider the toi-sional strength of shafting. All 
shafts and shafting must be made strong enough to resist 
torsional stress, and generally, in the case of short shafts, 
such as those used to carry the gearing of cranes, and shafts 
in machine tools, etc., this will be sufficient for the other 
stresses ; that is to say, if the shafts in the cases named are 
strong enough to resist torsional stress, they will be strong 
enough to resist lateral stress, or are sufficiently stiff for all 
purposes. The amount of power a shaft is capable of trans- 
mitting also depends on the velocity at which it rotates, and 
also upon the kind of motion it transmits; if the shaft is the 
iiVi^kg^^t of a steam engine, then the maanmum strain 
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thrown upon it must be ascei'tained, for it is clear the strain 
is not uniform throughout the stroke. 

It is often necessary to have some part of a shaft larger in 
diameter than the rest, in which cases it is necessary to 
notice that the strength of the shaft is the strength of its 
smallest diameter. And the strength will not even equal 
this if the smaller and larger portions form at their junction 
a sharp angle, as any sudden enlargement tends to weaken 
the shaft ; and in all cases where there is an enlargement, 
either for a collar, boss, or for other purposes, the change 
from the one to the other should be gradual, and formed by 
a curved outline, as shown in fig. 182. This rounding of the 
comers in journals increases their strength one-fifth. 

189. The elements to be considered with respect to torsion 
are — the strength of the material, the direction of the shaft, 
and the twisting force; these we have already spoken of 
in Art. 140, to which the student'^ attention is again 
directed. The simplest form in which we can describe twist- 
ing force is as one due to a weight acting at the end of a 
lever, and tending to twist the shaft, as shown in that para- 
graph. Of course^ the strength of different metals to resist 
torsion varies very much. Formerly, timber was chiefly 
employed to transmit power subject to torsion only; this 
was succeeded by cast-iron, as in mill work, but both are 
now generally superseded by wrought-iron. 

D^ection or bending is the stress due to a force acting 
transversely to the shaft, such as arises froDi the weight of 
the gearing, pulleys, etc., together with the weight of the 
shaft itself, which exercises an influence not always to be 
neglected. The relative strength of a shaft, girder, beam, 
etc., so far as it depends upon its supports and the manner 
in which the load is distributed, either uniformly or collected 
at one point, is expressed very simply. 

Relative 
Strength. 

When supported at one end and loaded at the other, =1 

,, ,, and load distributed, =2 

„ both ends and loaded at the centre, =4 

„ „ and load equally distributed, =8 

The strength is increased considerably (according to some 
authorities l£e numbers above become from 1 2 to 1 6) hjfirmhj 
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fixing the shaft at botk ends, when it is eatirdj under differenil 
conditions. In short shjifts the deflection can be entirely 
disregarded, bat in the case of shafting for mill work the 
deflecting stress nrast be taken into ccHUodemtion, and the 
thickness so proportioned that the deflecticm shall not exceed 

the Y^ pA^ <^ ^^ ii^ per ^oo^ of length. 

19ND. Keys finr Shafts. — ^It ia necessary to connect the 
wheels, pollejs or riggers, etc., with the shafts that cany 
them ; this is done by means of keySy which are pieces of 
metal, osoally steel, <^ a square or rectangular cross section. 
There are several methods of ke3ring wheeLs to their shafts, 
and these depend chiefly <m the natore of the work Ihat has 
to be performed by the wheels, pulleys, etc. Thus, if the 
power to be transmitted is comparatively small in amount, 
then a system of keying may be employed which, if the 
opposite were the case, would result in the £ulare of the 
system. 

VTe may divide the methods of keying into two classes: — 
I. Where only one key is employed for connecting each 
wheel or pulley to its shaft. H. Where four or more keys 
are thus employed, as in wheels that are staked to their 
shafta 

The same division holds good if we say, for Glass L, the 
wheels, pulleys, etc., are bored and the shafts turned; and 
for IL that, as a rule, the wheels, eta, are not bored, or the 
shafts turned. 




Rg. 187. Rg. 186. 

19L Hollow or Saddle Eeys.— In the first class, which is 
by far the most common, we have the hollow key, which fits 
the shaft without the latter being cut in any way; such a 
^^^^kubawn in figs. 186 and 187. 



SETS FOB SHAFTS WITH FLATS. 



159 



The surface of the key next to ike shaft is hollowed out a 
little, so as to fit the .curved surface of the shaft, as shown in 
fig. 186, where a is the boss of the wheel or pulley, b the 
shaft, and c the key, which in this example we have shown 
with a head, /, to facilitate its being dra/vtm easily. 

Fig. 187 shows the boss in section; the figures are drawn 
to a scale of \, This form of key can only be employed 
in cases where the power to be transmitted is compara- 
tively small, as the efficiency of the key depends upon 
the friction between the surface of the key and that of the 
shaft in contact with it. It is necessary to give a little taper 
to the key in the direction d e, so that the full amount of 
friction may be made available. And it will be clear that, 
if we are to have a tight fit between the shaft and key, the 
latter must fit easily on the two edges or sides that are in 
contact with the key-way or key-bed of the wheel or pulley. 

192. Keys for Shafts with Flats.— Figs. 188 and 189 
represent a very common form of key arrangement, which 
may be employed for all classes of work except the heaviest, 
and such special work as will be considered later on. This 
is a much firmer arrangement than the one described in the . 
previous article, but it necessitates the removal of a portion 
of the shaft. 




Fig. 189. Fig. 188. 

If the wlieel or pulley has a fixed position, then it is only 
necessary to make a Jlat or plain key-bed on that portion of 
the shaft where the wheel is to be keyed ; the fiat should be 
longer than .the key, and should gradually merge into the 
full diameter of the shaft, as shown in fig. 189. The same 
letters of reference are employed in this example as in the 
previous ^me. As in the preceding case, the key must be 
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slightly tapered in the direction d e, and must fit 608117 '^ 
the aides of the key-'way of the vheel or pnlley. 

193. Another method of keying, where pbon aorfaceg are 
employed, is shown in fig. 190; in this caae four keys are 
employed for round or square shafts, and in some cases, for 
very heavy work, where square shafts are used, eight keys 

may be employed. This mode of fixing 

, or keying wheels to their shafts is 

^ termed alaldng, and a wheel so fixed 

IS said to be staked. Staking is gene- 

(..^ J rally only employed in cases where the 

' shaft is not turned, and the hole or 

eye of the wheel or pulley is not bored. 

— Four flat surfaces are prepared on the 

/ shaft, and a aimilar number in the eye 

of the wheel, to receiTe the keys, which 

Fig 190 are of a rectangular croas section, the 

dmiensions of which may be taken from Table X., p. 165, 

The upper portion of the figjire represents a round shaft, and 

the lower a aquare one. If the shaft is square, and eight 

keys are employed, they should be £xed near to the angles 

of the square, one on each side. The bosses are marked a, a, 

the shafts h, h, the keys c, c, and the space between the 

inner surface of the boas and the shaft d, d. This was the 

method formerly employed to secure paddle-wheel shaft 

centres in their proper place. 

194. Cone Keys, — Cone keys are employed when a wheel 
has to be bored sufficiently lai^ to pass over a boas on the 
abaft. They are of east-iroa with parting platea, nearly 
dividing each into three pieces. The casting is bored and 
turned and broken into three pieces, which are chipped to 
clear away the metal where the fractures take place ; thus 
each cone becomes three tapering keys of the dimensions 
required to fix the pulley or wheel firmly on the shaft. 

196. Sunk Eeya.— In figs. 191 and 192 ia shown the usual 
method of keying where the power to be transmitted is con- 
siderable ; it is superior to either of the previous examples ; 
although a mora costly arrangement, it ia at the same tame »■ 
more perfect one, but it tends to weaken the shaft. Th& 
shaft has a groove cut in It, in the direction of its leogtbi^ 
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to receive the key, and the wheel or pulley has a similar 
groove cut in it, as shown in the figures. K ihe position 
of the wheel or pulley is fixed, then the groove in the shaft 
need only be long enough to admit of connecting and dis- 
connecting the wheel by the key; if the wheel is on the 
end of a shaft, then the groove may be a little longer than 
the key. 




Fig. 191. Fig. 192. 

Fig. 191 is a section of the boss a of a wheel or pulley, 
showing the key c in position after being driven home; the 
shaft 6 is also partly in section, showing the groove in it ; 
the key has a head/, by means of which and a suitable lever 
or key-drawer it may be easily withdrawn : heads on keys 
are very convenient in fitting them in their places. 

196. We may note here, that there are two different 

opinions among engineers as to the most efficient way of 

fiseing the key in the present arrangement. Some maintain 

that it is best to have the key to fit tightly on the sideSy 

that is on the vertical surfaces in fig. 192 of the key- way, 

Mid to fit easily on the top face, where the key and the broad 

vsuhjfse of the boss are in contact; while others maintain 

tiiat the key ought to fight tightly on the two broad surfaces, 

wie in the shaft and the other in the wheel, and to fit easily 

wi the sides of the key- way. We do not intend to enter 

*^^ this question at length, as space forbids it, but simply 

^ ^ve as our opinion, that the latter mode of fixing the 

W is the better arrangement ; that is a key fitting easily 

2 \* 
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en the ades of the kcj-vmr, mnd t^tl j on the top and 
bottom ; the kej hariiig a Mttle taper in the direction de, 
£g. 191, to jMkoit of ia heing dimsk home tights The 
amoont of taper should not exceed ^ inch per foot in lengUi. 
Bt driTing a hej home tight we simplj mean, supposing it 
to hare a twt dight taper, that just as much force is to be 
used as will permanentlj fix it in position and no more; the 
amount of foice required will, of course, depend upon the 
size of the [Mcees to be ccmnected. 

197. RliHiiig KejiL — ^It is sometimes necessary for either 
a wheel to slide upon its shafts or fat the shi^ to slide 
through the whed, which remains staticmaiy ; in such cases 
it is dear the ker cannot be fixed in any of the ways pre- 
Tiously described. 

To meet such cases as these there are employed sliding 
Jxys, of which there are two common forms. The key is 
attached to the wheel or pulley, and fits easily the key-way 
in the shaft, so as to admit of the motions before named. 




Fig. 19a Tig. 194. 

In figs. 193 and 194 we have shown one mode of fixing a 
sliding key; in this case the key c is dovetailed into ihe boss 
41 of the wheel ; the cross section of the key is shown in ^g. 
194. The key is driven in tight into the boss of the wheel 
to prevent it leaving its position when fixed, and sometimes 
a screw is employed to maintain it in that position. 

198. In figs. 195, 196,, and 197 is shown another form of 
sliding key; fig. 195 is a sectional elevation, fig. 196 an end 
elevation, and fig. 197 a plan of the key. 

The key in this case has a cylindrical head of a diameter 
the breadth of the key, as shown in fig. 197, which 
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fits into a hole of an equal diameter in the boss, as shown in 
fig. 195. An ordinary key-way is formed in the boss to 
receive the key, so that the head of the key has simply to 
maintaiH the whole in position ; while the strain is thrown 
upon the sides of the kegr-way, as it is previously explained 
in the example shown in figs. 191 and 192. 




Fig. 196. 



Pig. 197. ^ 

In the two examples just shown, a is the boss of the wheel 
or pulley, h the shaft, And c the key. The figures are drawn 
to a scale of |« 

199. Dimensions of Keys. — As the form of keying illus- 
trated in figs. 191 and 192 is the most common, we give in 
Table X. the dimensions of such keys for shafts from ^ 
inch to 12 inches diameter; the dimensions are for the two 
common forms of keys in use, viz., square and rectangular. 
The amount of taper given to keys in the direction of their 
length difiers a little, but about 1 inch per foot is usual ; 
allowance should be made in the bottom of the key-way of 
the wheel or pvUey for this taper, that is to say, the key-way 
must be slotted or chipped with this amount of taper in the 
direction of its length ; the bottom of the key-way in the 
shaft being parallel with a plane containing the axis. 

There is a Uttle difierence among engineers as to the 
dimensions of keys, those we have given are pretty generally 
employed. The same dimensions of rectangular keys given 
in Table X. may be used for kejrs employed in staking 
wheels, also for most of the other kinds. 

Ihje keys are jsunk half in the shaft and half in the boss 
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Fig. 198. 



of the wheel, the diatance beiog measored klong the line 
A£, fig. IdS; that ia to say, the distances « and/are equal 
s f It is neceasaiy to Btrecgthea 

the boss where the key-waj ia 
to be cnt, as ahoirn at A, so that 
the boss shall be eqtiaUy strong 
ia eTei7 part. Aa a rule, no 
section of the boss taken through 
any part of the key-way, as the 
section kl, should have a section 
less in area than any other part 
of the boss where there is no 
key-way; tliia section should, in fact, hare a greater area 
than any other, on account of the angles at the bottom of 
the key- way. 

The principle of the key ia that of a wedge, and it secures 
the wheel in position mainly by that power, observation alone, 
as already hinted, determines the taper or draught. Steel is 
preferable for small keys, but in some situations soft iron is 
best, for it hugs the shaft closer than the harder metal. The 
taper determines the hold of the key, and very little force is 
necessary to drive it; if we exceed a certain limit, then the 
power <^ the wedge is exerted to split the wheel and cause it 
to work off. 

SOO. Robertson's Veige Eeya— In % 199 ia shown a 
method of keying introdu<^ by Mr, Bobertson, the inventor 
of the frictional gearing, which we shall hereafter endeavour 
to explain; it is an epitome of fidctional gearing in form and 
principle. 

Fig. 199 represents a shaft b, Si^inches diameter with its 
keye. The shaft haa three grooves 
cut in it, to receive the three wedge- 
Bhaped projectionson the lower sur- 
^ face of the key. By this arrange- 

ment there is less metal out out 
of the shaft than in the ordinary 
! Bunk key arrangement, which ia 
an advantage, and the strength 
of the shaft is not diminished. 
I for this method of keying incretised 
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hold between the key and shaft, and that it obviates the 
necessity of forming enlarged parts, swellings, or collars, on 
shafts, for the purpose of fixing heavy wheels, couplings, 
etc. This, of course, being due to the fieict that less metal 
is cut away from the shaft, and also on account of the in- 
creased amount of surfaces in contact, and the form of those 
surfaces. 

TABLE X. 

Dimensions op Keys for Shafts. 

All Dimensions are in Inches and Decimals of an Inch, 



Diameter of 


Size of Key, 

Section, a 

Square. 


SlEes of Key, Section, a 
Rectangle. 


Shaft. 


Breadth (g). 


Depth {dy 


•5 


•2 


•25 


•2 


•75 


•25 


•312 


•227 


1-0 


•31 


•375 


•25 


1-25 


•34 


•437 


•27 


160 


•375 


•5 


•295 


175 


•406 


•562 


•317 


2-0 


•437 


•625 


•34 


2-25 


•468 


•687 


•36 


2-50 


•5 


•75* 


•385 


2-76 


•562 


•812 


•40 


3-0 


•577 


•875 


•43 


3-5 


•64 


10 


•475 


40 


•687 


1125 


•62 


4-5 


•75 


1-25 


•565 


50 


81 


1375 


•61 


6 


10 


1625 


•71 


to 
120 


Add -0625 in. 


Add -126 in. 


Add -045 in. 


for every '6 in. 


for every '6 in. 


for every "6 in. 




diameter of 


diameter of 


diameter of 




shaft. 


shaft. 


shaft. 



BEARINGS AND THEIR SUPPORTS. 

We have previously defined the term bearing, and have 
also stated the kinds of bearings in general use, and their 
forms; we now propose to give a few examples of these 
bearings and their supporting pieces, considering, as in the 
definition, the beaiings' to be the surfaces of contact. In 
this section we shall consider the bearings of sliding and of 
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rotating pieces, and, in the next section, pieces Laviiig 
helical motion. 

The supporting pieces for horizontal rotating pieces are 
journals, bushes, pedestals or plumraer-Uocks, etc. ; for vertical 
rotating pieces we have, in addition, /oote^ for supporting 
the pivots or ends of the rotating piecea 

The supporting pieces for horizontal or vertical sliding 
pieces are slides, slide-ba/rs, etc. 

201. The extent of the bearing surfaces must depend upon 
the amount of pressure exerted upon those surfaces; when it 
exceeds a certain amount per unit of area the friction 
increases rapidly, owing to the ungent being squeezed out, 
which causes the two surfaces to come into contact, and, as 
a consequence, the bearings become heated and abrasion of 
the surfaces ensues. According to experiments made by 
Kennie, friction increases rapidly when the pressure per 
square inch exceeds 616 lbs., in the case of wrought-iron or 
steel on cast-iron, and for cast-iron on brass when it exceeds 
784 lbs. But these are limits which should be and are 
avoided in practice. 

202. Jonmal Bearings. — ^The term journal is frequently 
applied to bearings that are foi*med either in the frame of 
the machine, or are directly carried by it, although in some 
cases the term is applied to the bearings of pedestals, etc. 
The pieces that form the bearing surfaces are called steps or 
brasses, and are made of steel, cast-iron, brass, or oth^: alloy, 
according to the circumstances of the case. Properly, we 
should speak o£ journals andjotimal bearings. 

Generally, each bearing consists of two steps, a top one 
and a bottom one, the sinrfaces of contact of the two being 
either in the plane that contains the axis of the rotating 
piece, or in separate planes at a short distance from and 
parallel with this plane. In the latter case the space 
between the steps is left for the purpose of tightening-^p as 
the metal wears. As similar steps are used for pedestals, we 
shall refer to them more fully under the head c^ pedestals. 

203. Bushes or Sleeves. — ^A bush is a hollow cylinder of 
metal, steel, cast-iron, brass, or other alloy, in which a shaft 
or other rotating piece rotates, the inner surface of the bush 

^^Xmung the bearing. Bushes are generally fixed in the 
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frftine of the machine; they differ from the atepa or brasBes 
described in the previous paragraph io one resj^ect; although 
they are used for aimilnr purposes they are in one piece, 
whereas the atepa are in two. The object of a bush is to 
supply two requirements^firat, a suitable material, which 
may, be and generally is quite different to that of the frame, 
for the bearing o£ the rotating piece; and, second, a bearing 
which may easily he replaced by another when worn, which 
could not be the case if the &anie itself formed the bearing. 




Fig. 20a Hg. 201. Kg. 202. 

A common form of bosh is shown in figs. 200 and 201 ; it 
consists simply of a hollow cylinder b, turned on its outer 
surfaces, and fitting accurately a bored hole in the frame c, 
to which it is attached by the screw e ; the object of this 
screw is to prevent the bush leaving the hole, or turning 
round in it. The bush is bored to receive the rotating piece 
a, and is turned on its ends so as to be flush with ita &cings, 
//, of the frame. 

204. Another form of bush or sleeve is shown in fig. 202 ; 
the only di&rence between it and the preceding one is, that 
it has a c<^ar d on one end, which may be used for fixing it, 
by means of a screw or screws e, to the frame. This is a better 
form of bnsh for some purposes, as when the shaft has a 
collar, g, on it, in which case the collar of the bush forms a 
anitable end or side bearing for it ; or if, instead of a collar, 
thereis the boss of a wheel or pulley bearing against the bush; 
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in these cases the collar of the bush, which can be easily re- 
placed, is worn and not the machine. 

We have stated that a bosh is a hollow cylinder, but it 
may have any form snitable for the purpose ; as it is a bear- 
ing for rotatmg pieces, its surfaces, inside and ontside, must 
be surfaces of revolution, as those of cylinders, cones, eta 
The inner surface need not necessarily be of the same form 
as the outer ; for instance, one may be cylindrical and the 
other conical, \7here the wear is considerable it is not 
advisable to use bushes, unless they can be turned round a 
little as they wear, or be replaced readily, as they soon get 
out of truth. The common plan is to use movable steps, 
which admit of adjustment to compensate for wear. Many 
examples may be observed in the Plates accompanying th^ 
work. 

SOS. Slides or Motion Blocks and Guides. — A very 

common form of parallel motion introduced of late years, 
for horizontal engines, is found in the slide or motion block 
and its guides. The principle is, that the head of the piston- 
rod is made to slide in one or two grooves formed in or 
fixed on the bed-plate. A favourite way is to make the 
guide part of the bed-plate, to secure the greatest amount of 
steadiness. 

Figs. 203, 204, and 205 illustrate the form of these blocks. 
Fig. 203 is a front sectional elevation, ^g, 204 an end eleva- 
tion, and fig. 205 a plan — all drawn to a scale of 2 inches 
to the foot, the letters of each figure corresponding to those 
in the other. Our example is taken from a large horizontal 
engine. At h are seen screws, by means of which the block 
can be adjusted ; at a a are two round nuts, which are fixed 
by screwing down the check-nuts d and d'-y pieces, as seen 
in the figure at a and a', are cut out of these nuts to take a 
suitable spanner. By means of these the adjustment is easily 
efiected, and the centre of the block kept at exactly the same 
height as the centre of the cylinder. The shoes, A and D B, 
are loose, and only kept on by the guide c ; i.e., if the whole 
were lifted out of the guides the shoes would fall off. The 
brasses are adjusted by the stud E, which is screwed into 
the block, and then h, a check-nut, is tightened down in the 
same way as d and d\ The connecting-rod is fastened in 




SeARlMOa AND THEIR SUFPOBTS. 



169 



Buch a manner to a pin as to make tbe pin move with it. 
After the pin is put in, a hole is drilled and made to take 
the tapered pin ee; the hole passes half through the pin 
and half through the rod-eye, as seen at e e. Consider for a 
moment that if the leverage is too great, or if the centre 
line E F he too high or too low, that as the piston moves 
from left to right, there will be a tendency to throw the fric- 
tion on the points A or B, while in the return stroke it will 
come on D or G, hence the necessity for the most careful 
adjustment; but when so made there is absolutely no jerking 
on the brasses, the whole working with the most astonishing 
smoothness. 
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One form of guides, within wiiich a slide block works, is 
shown below, but it is not the guide suited for the above 
block. Fig. 206 is a front elevation ; the head of the con- 
necting-rod is seen at A, its motion being from a to 6. Fig. 
207 is a plan of either part £ or C, the dotted lines showing 
the groove in which, in this case, the block A moTes. 
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Fig. 207. 

206. Pedestal or Plnmmer-block. — ^The supporting piece 
of a bearing, which does not form part of the frame of a 
machine, and can be detached from it, is called a pedestalf 
pillow-block, or plummer-block. In figs. 1, 2, and 3, Plate 
XVIII., we illustrate one form of pedestal, and in figs. 1 to 
13, Plates XIX. and XX., we show this pedestal in detail. 
Figs. 1, 2, and 3, Plate XVIII., are examples of finished 
shade-line drawings; fig. 2 is a front elevation, fig. 1 a plan, 
and ^g, 3 an end elevation. We shall have occasion to refer 
to these figures later on. Figs. 1, 2^ 3, 6, and 7, Plate XIX., 
are respectively plan, front elevations, half of which is in 
section, and sectional and end elevations. 

207. Pivots and Footsteps. — ^Vertical shafts having to 
carry heavy gearing, or to transmit a considerable power, 
have to be provided with an end bearing for their lower 
extremities. The end of such a shaft forms a pivot which is 
supported by a footstep. In figs. 4, 5, and 6, Plate XVIII., 
we show one form of footstep ; fig. 4 is a plan, fig. 5 a sec- 
tional, and fig. 6 an end elevation. The footstep consists of 
acagt-iron frame C attached to the base plate D^ the connec- 
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tion between the two being strengthened by the feathers E E, 
The portion C is square in plan, with a square hole in it to 
receive a square block F of cast-iron, which carries the bearing 
G, which is made of a material suitable for the purpose. The 
base plate is provided with bolt holes, through which bolts 
5 h pass for the purpose of fixing it to its foundation by the 
nuts c c. The block F can be raised or lowered according to 
circumstances, to allow for wear of the bearing G, or for its 
renewal by means of a wedge H, one end d of which passes 
through a snug /, and is screwed to receive the nut e, by 
means of which it is held in position, and drawn to and fro 
as circumstances require. The lower end of the wedge is 
parallel with the surface of the base plate, upon which there 
is a chipping piece g for the edge of the wedge to bear on, 
while its upper edge is tapered and is in contact with the 
under side of the block; this block is provided with chipping 
pieces h h at its angles, to reduce the amount of labour in 
fitting. The pivot K is carried by the bearing piece G, which 
is bored out to receive its turned end, this end is slightly 
curved. There are various forms of footsteps, but in all 
cases the object is the same, to provide a suitable support 
and adjustable bearing for the ends of vertical shafts. 

208, Footstep Bearing. — In machinery it is frequently 
necessary to employ a footstep bearing; vertical shafting 
requires a footstep for its lower end to rest in, to prevent 
lateral motion, and to keep the vertical adjustment correct. 
The footsteps for turbines present a technical diflSculty, as 
provision must be made for lubrication under water, which 
is done by providing an oil casing connected with proper 
pipes. Sometimes a lignum vitse bearing is employed, which 
is an excellent method; for when metal works on wood, water 
is a very good lubricant. 

We have here, in fig. 209, an example of a readily adjustable 
footstep bearing; A is a cast-iron stand turned so as to receive 
the brass B, within which the shaft S works, resting on the 
piece of steel d at the bottom of the recess. The whole rests 
on the cast-iron plate 0, which may be of any shape to suit taste 
or convenience. The piece of steel d is made very hard ; as 
it wears it is raised by means of a, which is screwed into the 
bottom of the cast-iron stand I>. A hole is left in the bottom 
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piece C large enoi 



to receive the bolt head, and to allov it 
to move up and have a box 
kej on it at the same time 
The brass is prevented froin 
turning round in its Beat 
either by being fitted into 
an hexagonal or octagonal 
recess, or else by using the 
pin b, which IS tightly fitted 
mb> B round hole drilled in 
the braes, while its project 
ing end fits into a recess in 
the cast-iron cut to receive it 
This pin is called a "key," 
" feather," " snug," etc., in 
difierent localities. Lateral 
adjustment is provided for 
by amuiging for the bottom 
piece to shift as required, oi 
else by keeping D A in its 
place by set screws, vhen 
the whole arrangement bu 
to be modifi.ed. 
)9. Stnfflng-Bozes and Glajids. — The covers of stem 
engine cylinders, and those of other vessels containing » 
fluid or gas, are generally provided with etufBng-bosM 
and glands. In flga. 210 and 211 we have shown ft 
common form of stuffing-box and gland, C ia the cylinder 
cover which forms a bearing for the epiiidlo or rod D; 
cast on to the cover is the stuf&ng-bos E with its flange F. 
The stuffing-box is bored to receive the cylindrical portion 
O of the gland, on the outside of which is cast a flange H 
through which passes two or more bolts K; the gland is bored 
to receive the rod D, to which it acts as a bearing. Between 
the inner end of the gland G and the bottom of the stuffing- 
box E, at P, is placed the packing which is to render the joint 
wat«r, gas, steam, or air tight. By means of the bolts K K 
and the nuts L L the position of the gland ia regulated, which 
is necessary to compensate for the wear of the packing and 
vabp for itB renewal ; A is a bush or l ining , Stuffing-bozee 
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[>r glands are made in a variety of forms, but their object is 
ftlways the same, and that is ^ 

bo provide a suitable bearing 
GUid gas-tight joint for spin- 
dles or rods working through 
them, as the piston-rods of 
steam engines, the rods of 
slide and other valves. The 
upper figure is half in eleva- 
tion and half in section, the 
whole being drawn to a scale 
of two inches to one foot. 
Other examples will be found 
in Plates XXXIX., XL., Fig 210 
XLVL, XLVIL, etc. ^' 

COUPLINGS — CLUTCHES. 

210. When long lengths 
of shafting are employed, it 
is necessary to provide the 
means of connecting the indi- 
vidual pieces that form a line 
or length. Also, in some 
instances, it is necessary to 
havd the power and means 
to connect and disconnect 
short lengths of shafting. 




Fig. 211. 



These connections may be either permanent or temporary, 
according to the circumstances of the case ; if they are per- 
manent they are generally called couplings, and if otherwise, 
clutches. Of the former class we have the box, the face-plate, 
and the fiiotion coupling; of the latter, there are clutches with 
from two teeth upwards, friction cones, wedge and groove, 
friction dutches, etc. 

211. Butt Box Coupling.— In figs. 212to214is shown an 
ordinary butt box coupling; fig. 214 is a plan, fig. 213 an 
elevation, with the box and portion of the shaft in section, 
and fig. 212 is a front elevation. The ends a and b of the 
shafts are swelled out or increased in diameter to receive the 
box c; this is done for two purposes : to enable the box to 



174 MACHIllB OOHSTROCTIOK AND DBAVOTO. 

pass over any fixed coll&rs tbat may be on tbe diaftB, and alse 
to maintain the strength of the ^afte, 'which 'would not be 
the case if there were no enloi^ements, and the kej-'ways for 
the connecting key d 'were cat in iJie smaller diameter of tbe 
shaft. This key-way ooanects the three pieces a, b, and c, tbe 
ends a and b are turned, and the box e bored, the key fittJng 
in key-ways made in them. On the shaft a is shown a bea^ 
ing « ; it ia usual to fix couplings near to a bearing. 




SIS. Half-lap Box Conpling. — A good form ot coupling 
for shafts up to about six inches diameter is shown in if^ 
215, 216, and 217; fig. 217 is a plan, fig. 216 an elevation, 
with the box and portion of the shafts in section, and fig. 21' 
an end elevation. This coupling was introduced by Mr. Fair- 
baim, and has proved a very efficient one. It 'will be observes 
that the chief lUfference bet'ween this one and the last is in tbe 
lap a b, 'which is made equal to the diameter of the shsl^ 
The following are the proportions given by the inventor:— 
Area of coapling - • - = 2 x area sf the shaft. 

coupUng ... . ( 
Length oflap - - . = diameter of shaft 

Length of box • • ■ = 2 x diameter of ehaft. 
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Hiere is more -workmanBhip required in fitting together 
tMs coupling tbfin tbe laat, but it is far snperior to it; in the 
previoua one, the efficiency of the arrangement depends on 
the key, -while in the present case the key is only a secondary 
piece, and is used simply to keep the ends a and 6 of the 
shafts and tke box c united, the chief strain is borne by the 
BVirfaoes in contact, as seen in fig. 216, The figure represents 
a coupling adapted for a shaft three inches in ^meter, drawn 
to a scale of jt. 




Fig. 21S. Fig. 21a 

SIS. Disc or Flange Gonpli&g.— In figs. 218 and 210 ia 
shown a form of coupUng used for both large and small shafts, 
but more generally for shafts six inches and under in diameter. 



176 XAdmn oassTBCcnos asp dbawiho. 

Hie cou|4iDg cwwkti of two iiiiOisplAtes or flanges C and D, 
viih ItOGBes, and one being keyed to the end of each Bhaft 
These £ftce-plateB axe connected by bolts g. The end of one 
abaft at p enters a short distance into the face-plate, keyed 
Lt i 1: or it on the other shaft so as to maintain the axes of 
the two shafts in line. These shafts are turned, and the 
coupling bored to receive them, and generally the whole of 
each half coupling is turned after b^ng fixed in positioD. 
The objection to this form of coupling is that the strain has 
to be borne by the keys; the two face-plates being connected 
by bolts, there is no danger in that direction, as we can easily 
make the bolt connection of suflicient strength; hence the 
keying should be carefully done. The number and diameter 
of the bolts varv with different makers and under difierent 
circumstances, the total area of the bolts should vary between 
'33 and *5 of the area of either shaft. In some cases flanges 
are forged on the ends of the shafts to be connected, and the 
two flanges connected by bolts, as in the case just mentioned 
Tliis method is more expensive than the odier, but at the 
same time a more perfect one, as the connecting keys are 
dispensed with and the size of the flanges much reduced in 
proportion, as they are made of the same material as the 
shaft itself. 

214. Wedge and Groove Coupling. — Another form of disc 
coupling is the wedge and groove coupling. In this case the 
inner faces of the flanges have grooves cut in them, so that 
they present a series of concentric grooves and wedges, the 
wedges of the one fitting the grooves in the other. The form 
of the grooves resembles that employed by Mr. Robertson 
in his friction gearing, and the coupling under notice was 
introduced by him. Each half of the coupling is keyed to 
its shaft, and then the two halves connected by bolts, as in 
the previous case. 

215. Claw Coupling and Clutch. — ^The connecting piece we 
are about to describe may be employed either as a permanent 
coupling or as a clutch. The figures represent it as a clutch. 
Fig. 222 is a plan; fig. 221 a sectional elevation showing 
the claws A and B in section, and also portions of the shafts; 
fig. 220 is an end elevation. When employed as a coupling 

are two equal halves similar to B, one on each of the 
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sbafta C and d, each half being fixed to ita shaft by a key. 
1h& inner face of each half is provided with three claws, and 
three recesses to receive the claws of the other half, thus 
forming an efficient connection ; but of course the strain has 
first to be receired and borne by the keys, and hence the 
same objection exists as in previous cases, -This form of 
coupling is well adapted for long shafts, as the amount of 
metat necessary to produce a firm connection is less than in 
the one described in the article on flange coupling. When 
nsed as a coupling, that is, as a permanent connection, each 
half is fixed to its shaft by a key or keys. 
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Fig. 2:2. T 

S16. Wedge &Rd Groove Fiictional Olutoh. — In figs. 14 
and 15, Plate XX., is shown Robertson's wedge and groove 
fiictional clutch. This clutch was patented and introduced 
l>y Mr. Robertson of Glasgow. It will at once be recognised 
that it ia upon the wedge and groove system, as employed 
by him in his frictional gearing and coupling. 

Kg. 15 is a plan, partly in section, showing the clutch; fig. 
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1 4 a u. ^^^iviica. aim p ardj ia aec&s, the %aies Affw 
iiitt mt^Ar?* rf •sotcsif^izu: szui t^i wn g^^yfwg t&p dutdi. On tho 
ihisi B. An^i D:»e ua ttzu wi&& or wit&aat it, is one-lialf the 
eL:i::«:lL. aiiirkai D ; npczL t^ Ikbb of tlis Iiaif datdi is fixed 
cr«e vit^ftl C. wLbiL is is rcqniced tso co^aige and disengage 
iri^ sL*^ ifiiifs R l&e odber luJf £ of the dutch is 
Azz^ehed xa the shaft B l)j two k«TY <5 5. bvt it is fi!ee to 
ftlide TzpctL the shaft The ham of ths halfcQaf^ing is pro- 
Tukd with cGiIazs F F, wiifidh tits izl grooTes in a dip G; 
i>tg dip is prorSied wi& a drcrzlar pm H, wluch fits in an 
eccentric boss K. The boss K b carried in a beazing K, 
which 13 soppcrted br a foot H rescfng on the top fiice of 
X, acd attadied to the boss K is a lerer L. Bj means of 
the lexer L the eecsitzie boBS X can be turned ; and as it 
tt^ns, the dip G naores tiie half-eovplii^ in cr out of gear; 
in the pontioa ^ovn the cofupliiig is '^ in gear" but if the 
lerer were moxed into the position indicated bj / it woold 
then be -oat i^gear." The two half-dntchesD and E have 
their inner snriaces pvorided with ooncentnc ciicnlar wedges 
and groores, c,c, d^dj so arrai^ed that, when the lever L 
forces the half -dntch £ towards D, so as to engage with it> 
the wedges of the one enter the corresponding grooves of the 
other, and prodnce a firm wedging contact. The wedges 
and grooves are kept slightly inbricated, so as to prevent all 
abraidon o( their surfiices. There are many modificati(His of 
this clotch in use, hot the^ one we have described is a com- 
mon form. The diameter of the clatch is made seven times 
the diameter of the necks ot the shaft; -that ;is, a wroDght* 
iron shaft 2 inches diameter would require a dutch 14 indies 
diameter. With this proportion the clutch and shaft are 
equal m regards resistance to torsion ; the dutch would be 
able to rcHist the same amount of torsion as the shaft. Such 
an arrangement is excessively efficient^and no slipping what* 
0V4*r takes place. 

217. Cone Clutch. — ^The cone clutch was invented se that 
tho Avorkman might have the power of disconnecting a lin^ 
of Mliafting expeditiously; in fact all clutches are intended to 
annwor this purpose more readily than couplings. A BCP 
\h n mtVul jncce of metal in conical shape, which admits of » 
ol motion from left to the right on the shaft P^ E F G B 
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is a corresponding piece, into wMch A B D will slide ; as 
soon as the one sHdes within the other the force of friction 
between the surfaces in contact is sufficient to engage the 
line of shafting. E F G H is firmlj keyed on to the shaft 
0; O and P are brought close together at a. A lever acting 
at A D impels the one part of the clutch against the other. 

E 




Fig. 223. 

A double-cone clutch has been invented by Mr. Sellers. It 
consists of an outside " muff/' which is placed over the ends 
of the shafts. In the barrel are placed two conical bushes, 
which are jammed into theiT place by three screw bolts. 
The grasp of these bushes upon the shaft act as a first-rate 
coupling. 

Difference between a Clutch and Coupling, — Couplings are 
divided into two classes — (a) Couplings (proper) ; (b) Clutches, 
The chief difference between the two is, that coupling is a 
permanent connection, or a clutch can be disconnected at 
once, but a coupling requires much time. Couplin£(s are 
permanent clutches. 



SECTION IV. 

HELICAL CURVES — SCREWS — NUTS. 

218. Helical or Screw Curves. — Having in a former para- 
graph defined helical or screw motion, we now proceed first 
to show how to draw the helical curves, and then the helical 
surfaces as represented by screws. 
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Figs. 1 and 2, Plate VII.— The helic*! cnrve is traced u 
follows : — If, during the reTolation of a cylinder, a marker, 
which moves parallel to the axis of the cylinder and fit a 
uniform rate, traces npon its snrface a cnrre, the curve so 
traced is called the heUeal or screw cutve. The distance 
moved through by the marker, during one revolution of the 
cylinder, is termed the pilch, and the direction in which it 
moves determines whether the curve is riffht or l^ hamded. 
Assuming the cylinder to be turning in the direction of the 
hands of a watch, as indicated in fig. 1, which we have pre- 
viously defined as right-handed rotation, and the marker to 
move from right to left (0—16, fig. 2), die curve is right- 
/landed, and k/t-Jm/nded if vice vered. 

The curves shown in figs, 1 and 2 are right-handed and of 
the eame pitch, but difiering in diameter; the pitch is the 
distance ab (0...16). In the example given the curves ate 
either supposed to be fine wire bent to the required form, or 
else the cylindera upon which they are traced are supposed 
to be transparent, so that the back half of the curve may be 
seen. The front half of the curve is marked 0...8, the hack 
half 8 ... 1 6. If the curve were a left-handed one, the portion 
marked 8. ..16 would be the front, and that marked 0...8 
tlif VjHck lialt a 
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The length of the onrve is equal to the hypothenuse of > 
right-angled triangle, ahe, fig. 225, having for its base the 
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circumference of the cylinder, and for its height the pitch. 
Figs. 224 and 226 represent a cylinder upon which is traced 
one turn of the helix; ab ia the pitch; ac, fig. 225, is a 
development of the curve ; and the angle ach\& the angle of 
the curve; in screws the angle a c 6 is the angle of the thread. 

The drawing of the curve is as follows, the pitch and 
the diameter of the cylinder being given : — We will take the 
larger curve first. Having drawn the centre lines and the 
projections of the cylinder, figs. 1 and 2, Plate VII., divide the 
circumference of the circle, fig. 1, into any convenient number 
of equal parts, divisible by 4, as 12 or 16, and the pitch ah, 
^g, 2, into the same number of equal parts. In the example 
we have used 16. Number these points 1, 2, etc., to 16, 
respectively, in both figures. From 0, 1, 2, etc., to 8, fig. 1, 
draw lines parallel to the axis CO; and from 1, 2, etc., to 
16, fig. 2, draw lines perpendicular to the axis. Then the 
intersections of the lines 1.-..1, 2... 2, 3... 3, are points in the 
curve ; join these points and the curve is complete. 

In the top half of ^g, 2, between b and d, is shown a 
quarter of the larger curve, numbered 4 to 8. In the bottom 
half, between b and d, is shown a quarter of the smaller 
curve, numbered to 4, which can be obtained similarly, 
the construction lines indicating clearly how to project it. 
In these examples we have taken enough points to deter- 
mine the curve with a sufficient degree of accuracy for 
ordinary purposes ; if greater accuracy is required it can be 
obtained by taking a larger number of points on the circum- 
ference of the circle, and the same number between a and b. 
It will be noticed the curve is quickest between 0...2 and 
6... 8; intermediate points may be taken between these 
points to determine the curve more accurately. 

219. Screws. — Screws are made by cutting helical grooves, 
of a triangular, square, or other cross section,* in cylindrical 
pieces of metal or wood; the ridge or projecting part is 
termed the thread, and the hollow the apogee; the pitch is the 
distance between two consecutive threads, measured as pre- 
viously described. 

The two most common kinds of screws in use, excepting 

* A section made hy a plane perpendicular to the direction of the 
length of the groove. 
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those for wood, are the Y or tnsngalar, and aqnaie-headed; the 
former chiefly used for bolts, stods, and set-screws, liie latter 
to transmit pressure, as in 9erew-pres8es, and to transmit 
motion to the slides of lathes^ planing machines, and other 
engineering tools. 

The Y and the square-threaded screws are shown in Plates 
YIL and YHL, the drawing of which we shall refer to 
presently. 

The form of the thread depends upon the kind of work 
for which the screw is to be employed; and from the 
examples just given it will be seen there is a considerable 
distinction in the use to which each form is applied. Tbe 
square thread is the better form to use for purposes where 
the wear is considerable ; that is to say, for transmitting 
motion and force, each transmission being repeated often. 
The V thread is a better form to use for screws for comiect- 
ing or fastening purposes, as it has an advantage over tbe 
square thread in strength when employed for such purposes. 

220. Bight and Left Handed Screws. — Screws are rigbt 
or left handed according to the direction in which the nut 
moves when the screw is turned round in a right-handed 
direction, or as defined, periiaps, more dtearly above. Screws 
are considered to be right-handed single thread unless otbe^ 
wise stated. Left-handed screws are only used in special cases. 

221. Y-threaded Screws.— A V-threaded screw, 2 J inches 
diameter and ^ inch pitch, is represented by figs. 3, 4, and 
13, 14, Plate VII. It is jisual to denote the pitch, which 
varies according to the diameter of the screw, by so many 
threads per inch in length ; in the example shown the screw 
has four threads per inch, equivalent to J inch pitch. Th® 
form of V thread now in general use is the " JFhitworth 
Screw Thready* In ^g, 227 is shown a longitudinal section 
of this thread. The distance a a is the pitch ; the angles 
aaa'y aaa are each 55'', so that the depth ae= '887, ad'^ 
*96 aa,t that is, assuming the thread to be angular, but \ oi 

* Introduced by Sir Joseph Whitworth, Bartu 

t a t—aa* x cosine 27i*'=;:a a' x "887/^ 
a'e=i a'6'= \aa^ and .*. ae=a'ext2uigent 624*= 
\aa X taa. 62i°=i aa x l-92= *96 a d^ 
II a a= I inch, a e= *96 inch. 
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^e depth is rounded off at the top and at the bottom, as shown, 
leaving only ^ of a e ( = -64 a a) aa the depth of the rounded 
head. 




Fig. 227. 
The folfowing table contains a list of theniunber of threads 
per inch in length for screws from ^^ inch to 6 inches dia- 
meter, according to the IVliittoortfi Standanl: — 
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222. P^ 3 and 4, Plate VII.— The drawing of the 
screw is aa follows : — Draw the centre lines, and the oatline 
of the o;4inder of 2J inches diameter, wpon which the screw 
ia to be cut ; and set off the pitch o b along the centre lino 
CC, or upon the outline of the cylinder, as shown at 4... 4, 
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a...h, fig. 4. Having thus divided the screw for the pitch, 
draw a a, a b\ so that a'a b' contains an angle of 55^, a a\ 
a V being equally inclined to the axis ; from h draw h b' 
parallel to a a meeting a b' in b', then b' is the bottom of the 
groove. Draw b' 4' parallel to the axis, meeting the centre 
line of fig. 3 in 4'; with C 4' as a radius, describe the semi- 
circle 4'2'0', which will represent the bottom of the groove 
or thread. The groove ab'b is termed the spcLce, and is 
occupied by a projecting thread in the nut. The curves 4 6, 
4 a, a a, etc., which form the tops of the threads, and a'a\ 
b'b', etc., which form the bottoms of the threads, are obtained 
in the same manner as described for the helix. 

In this example we have divided the semicircle, which 
forms half the end elevation, into four equal parts, and, 
therefore, the pitch into eight equal parts. As each curve 
in making a revolution passes through a space a b, half the 
curve, as seen in the figure, will have passed through the 
space cb = i^ab; the latter curve is numbered 0...4. In 
drawing the V we may either draw a a inclined to the axis 
at 62J^ (90°- y°) by setting off the angle by means of a 
protractor from a horizontal line, as the axis, or by placing 
the protractor at a, perpendicular to the axis, and marking 
off a line a a' inclined to a e, ^g. 227, at 27J° ( V°)> ^ ^' ^^°g 
drawn in a similar manner. 



Fig. 228. 







! I 



1 \z s * 

Fig. 229. 

Having determined the curves for the top and bottom of 
the thread, as shown by the dotted lines on the left hand of 
fig. 4, the remaining curves may be drawn by means of tern- 
plates, consisting of thin wood or cardboai*d out to the re- 
quired form. The templates for the curves 4 — 6, 4 — a, etc, 
are shown in figs. 228 and 229. It is much better to make 
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separate templates for the different curves we require, than 
to try and make use of the ordinaiy moulds or curves; this 
remark applies to all cases where there is a repetition of the 
same curve in a drawing. 

In the example, we have shown the thread of the screw 
with angular top and bottom ; this, however, is not quite 
correct, as we have already stated, but for convenience in 
drawing we may assume it to be so. 

223. V-threaded Screw and Nut. — As previously stated, 
the bearings of screws are nuts which fit the former accu- 
rately. Figs. 13 and 14, Plate TIL, are respectively end 
and longitudinal sectional elevation of a nut for a V-threaded 
screw of 2 J inches diameter, and four threads per inch ; in 
the right-hand half of ^g, 14 is shown the screw, a portion 
of which is in section showing the screw and nut in contact. 
It will be noticed that the curves for the top and bottom of 
the thread, in the portion of the nut shown, are inclined in 
the opposite direction to those of the screw, and that is 
because the figure shows the threads of the nut for the back 
half of the screw, while the threads of the screw shown are 
for the front half. The dotted lines show the tops and 
bottoms of the thread on the back of the screw, and these 
are parallel to those of the nut, as should be the case. 

The drawing of these figures calls for no special remark, 
as the principles employed are exactly similar to those of the 
previous example, to which we refer the student. 

224. Square-threaded Screws. — Figs. 15 and 16, Plate 

VIIT., represent in plan and elevation a right-handed square- 
threaded screw, 2J inches diameter, and having two threads 
per inch, or | inch pitch. A section of the thread of the 
screw made by a plane passing through S P, is a square 
whose side = J the pitch ; the space being also a square of 
equal side. The thread and space, therefore, make up the 
pitch; but this refers only to singU-threaded screws, hence 
it is necessary to define the pitch more accurately, which we 
will endeavour to do. We shall define the term pitch of a 
screw, so that it is independent of the number of threads on 
the screw, which we consider to be the clearest manner of 
expressing it. In all cases either the screw or the nut is 
fixed, and prevented from moving lengthwise (in the direction 
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of the axis of the screw); we shall consider the nut to be the 
moving piece, as being moat suitable for the definition. 

S35. TliQ Pitdl of a Screw is the distance moved through 
by the nut duiing one revolution of the screw. Of course, 
if we consider the nut to be fixed,, it. wUl be seen at once 
that the pitch is the distance, measured in a direction parallel 
to the axis, moved through by the screw during one revolu- 
tion. We may have one or more threads on a screw; there- 
fore, to find the size or thickness of the thread for square- 
threaded screws, divide the pitch by twice the number of 
threads on the screw, and the quotient will be the required 
size. Thus, in fig. 16, 06 = the pitch = J inch, therefore the 
thickness of the thread = J a fi = J inch ; in fig. 21 there are 
two threads on the screw, which is 1 inch pitch, therefore the 
thickness of the thread = ^ inch. 

A. right-handed double eqnare-threaded screw, 2J inches 
diameter, 1 inch pitch,.is shown in figs. 19, 20, and 21, Plate 
VIIL The side of the square, which is a cross section of 
the thread, is ^ of the pitch = ^ inch, as just stated. 

S26. The distioctioQ between right and \eit handed screws 
applies also to square-threaded screws. For square-threaded 
screws there is no strict standard for the number of threads 
per inch of length, according to the diameter of the screw, 
as there is for Y-threaded screws. In some establishments 
the rule is, for the same diameter of screw, to allow the 
number of threads per inch to be one-half that of the V- 
threaded screw. This rule agrees very nearly with the fol- 
lowing table ; — 

TABLE XII. 



nirow. 


No ,.f 


Bc«w. 


No, of 
Thr»cl4 


Screw. 


imr iii. 


s; 


No. Of 
per 111. 




10 




7 




S 


1! 


2i 


A 


10 










11 




S 


» 




(i 




H 


















H 


2* 


1, 


7 


s 








'i 






V 


n 




li 


Si 


s> 





NUT FOR SQUARE-THREADED SCREW. 187 

227. We now refer to the drawing of the screws shown 
in figs. 15 and 16, Plate VIII. Draw the centre lines, and 
the projections of the cylinder of 2 J inches diameter, upon 
which the screw is to be cut; set oflf the pitch a 6, and 
obtain a curve of half a revolution for the top of the thread, 
as 0...6. Take half the pitch and set it off either along the 
centre line C C, or upon the outline of the cylinder, com- 
mencing from the curve ali-eady drawn ; and draw from each 
of these points curves parallel to 0...6, as shown. Join 
12... 6, 0...0, e...e, etc., forming the tops of the thread, and 
draw the curves for the bottoms of the thread as shown by 
0'1'2'3' ; these curves commence on the smaller cylinder in 
the same horizontal plane as those on the larger cylinder, as 
shown on 6, 6, fig. 16. The construction lines show how to 
complete the figure. A portion of the back half of the 
thread is shown by the dotted lines e/, ef, portions of which, 
fg, e h, are in full where they cross the space. It will be 
noticed that these lines are inclined in the opposite direction 
to the lines representing the front half of the thread. The 
following figures show the construction of the curves more 
clearly. The curves for these screws may be drawn by 
means of templates, as previously explained. 

Figs. 20 and 21, Plate VIII. — These figures represent a 
right-handed double square-threaded screw, 2 J inches dia- 
meter, 1 inch pitch. Having drawn the centre lines and 
the outline of the cylinder, set off the pitch a h and divide 
it into four equal parts, as there are two separate threads on 
the screw, and draw the curves for the tops and bottoms of 
the threads, as shown by the construction Hues. As similar 
letters of reference are employed for these figures, we need 
only refer to the previous figures for any information required. 

228. Nut for Square-threaded Screw. — ^We have already 
defined a nut as the bearing of a screw^ we now show in figs. 
17 and 18, Plate VIII., the nut for the screw represented 
in figs. 15 and 16. Fig. 17 is a half plan, and fig. 18 a 
sectional elevation. The drawing of these figures requires 
no explanation, as the lines are exactly similar to those of 
the screw, but of course the curved lines are inclined in the 
opposite direction to the full lines in the screw. Fig. 19 is 
a longitudinal section of the threads of the screw ujid \!i».^^ 
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showing them in contact. Brass and cast-iron are the ma- 
tenals chiefly employed for nuts when they are used as 
bearings ; but in the case of nuts for bolts, wrought-iron is 
generally employed. 

229. Approximate Methods of Drawing Screw Threads. 

— ^We have hitherto shown how to draw the true form of the 
threads of screws, excepting the case of V-threaded screws ; 
however, in most instances, approximations to the true form 
are employed, and, generally, the smaller the scale of the 
drawing, the further from the true form the approximations 
are carried. We shall now illustrate some of these approxi- 
mations. 

Figs. 5 and 6, Plate VII., represent the V-threaded 
screw shown in figs. 3 and 4, drawn to a scale of J ; the 
curved lines a a, a a are here replaced by straight lines ; 
this is the only approximation made, and it will be seen 
that it approaches the true form very nearly, as shown in 
the full size figures. Figs. 7 and 8 represent figs. 3 and i 
drawn to a scale of J ; in this case the Vs are not shown, 
and the approximation is, of course, not so good as the pre- 
vious one. In still smaller scale-drawings, lines are used to 
represent the tops of the thread only. 

Figs. 9 and 10 represent the right-handed double square- 
threaded screw shown in figs. 20 and 21, Plate VIIL, drawn to 
a scale of ^; the curved lines being replaced by straight ones. 
This is a good approximation, as it contains all the lines in 
the correct figure, the only substitution being straight lines for 
curved ones. Figs. 1 1 and 1 2 represent a left-handed square- 
threaded scrow, 2J inches diameter, J inch pitch, drawn to 
a scale of j^. The approximation here shown is a very com- 
mon one, and for small scale-drawings may be used with 
advantage ; if the scale is too small to show even this much, 
then straight lines representing the tops of the thread may 
be used, as in the case of V-threaded screws. 



CHAPIER VII. 
ON THE TRANSMISSION OF MOTION BY WHEEL-WORK. 



SECTION I. 

WHEELS IN QENERAL — SPUR WHEELS — PITCH — RACK AND 

PINION. 

230. The kind or foim of wheels to be employed in 
transmitting motion from one rotating piece to another, will 
depend upon the kind of motion to be transmitted and the 
relative position of the axes ; generally, we have a choice of 
arrangements, but often this choice is restricted hy other 
considerations, which we need not examine at present The 
wheels employed for transmitting motion are usually provided 
with teeth to ensure regularity of motion, and to enable them 
to transmit a greater force than could be done conveniently 
with toothless or friction wheels. We shall assume in the 
first instance that the wheels are toothless, and that we have 
therefore smooth surfaces in contact, and that when one 
wheel turns it transmits its motion to the one in contact 
with it, the two surfaces rolling together without sliding. The 
surfaces which thus roll together become the pitch surfaces 
in toothed wheels, and the object to be kept in view when 
designing the teeth is that this rolling motion of the pitch 
siufaces shall be maintained as nearly as possible. 

231. The constructions and calculations, which we shall 
employ in the following articles, apply equally to wheels 
with teeth and without; for in all cases they will be referred 
to the pitch surfaces, or, as we shall term them, pitch lines, 
or pitch circles in the case of circular wheels. The pitch line 
is the trace of the pitch surface upon a plane at right angles 
to that surface ; that is, in the case of circular and non-cir- 
cular wheelS; at right angles to the axis of rotation, and there- 
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fore parallel to the plane of rotation, as the face of the wheel j 
in the case of racks, at right angles to the face of the rack. 

When wheels, or a wheel and rack, are so connected that 
if one turns the other turns also, the wheels are said to be in 
gear, and out of gear if vice versd. 

The term gear or gearing is usually applied to a combina- 
tion of toothed wheels; it is also employed to denote a number 
of connected moving pieces other than wheels. We shall 
now give examples of the various kinds of wheels coming 
under the conditions here enumerated. 

232. Spur Wheels. — Spur wheels are employed for trans- 
mitting rotary motion from oae shaft to another, with a 
constant directional relation and a constant velocity-ratio; 
the shafts being parallel. There are two kinds of spur 
wheels, external and internal, according as the teeth are 
outside or inside the rim. In the first case, where we have 
two external wheels in gear, the wheels rotate in opposite direc- 
tions ; and in the second, where we have an external and an 
internal wheel in gear, they rotate in the same direction. 




'Fig. 281. 

I. External Wheels. — ^A and B, ^g, 230, are the centres of 
two shafts which are to be connected, so that B shall make 
two revolutions to one of A ; required the diameters of the 
two wheels. Join A B and divide it in C, 480 that AO : BC 
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: : 2 : 1, then A C is the radius of ihe diiver A, and B C that of 
the follower B. The line A B is called the line of centres , and 
the point of contact C of the pitch circles is always in that line. 
The point C may be found by dividing A B into three 
equal parts by trial, as the division is a simple one ; but as 
this is an exceptional case, we give a general method. Join 
A B and draw any line A 6, making an angle of about 30® 
with A B, and upon it set off A c and c 6, so that Ac :cb : : 
the number of revolutions of A : the number of revolutions 
of B (in the example as 2 : 1), Join B6, and from c draw 
c C parallel to 6 B, cutting A B in C, then A C and B C are 
the required radii. The velocity-ratio of the axes A and B 

= x~Q = i- Fig* 231 is a plan of the wheels. 

II. Internal and External Wheels, — When it is necessary 
that the two connected shafts shall rotate in the same direc- 
tion, an internal and external wheel are employed, the 
internal wheel is generally a jinmori; that is, a wheel having 
a small number of teeth, usually from 10 to 20; the term 
pinion is employed in a relative sense, if the diameters of 
the two wheels differ considerably — say one is three or four 
times that of the other — then the smaller is ordinarily called 
a pinion. 

A and B, fig. 232, are the 
centres of two shafts which 
are to be connected by spur 
wheels and are to rotete in 
the same direction; B is to 
make three revolutions to 
one of A. Join A B and 
produce it to C, making 
BC:AC::l:3,thenAC 
and B C are the radii of 
the required wheels. The 
construction for finding C 
is similar to that in the 
previous example, except 
that C is in AB produced. 

C B 

ratio = ^^Q = J. In the first case, the distance AB between 




Fig. 232. 
In this example the velocity- 
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the centres of the wheels is equal to the sum, and in the 
second case to the difference of the i-adii of the wheels. 

233. In the two examples just given, and in all cases of 
circular wheels, there are certain i'elations which regulate the 
proportions of the connecting pieces as regai-ds radius, angular 
velocity, number of revolutions, and (number of) teeth. 

In previous articles we stated the ordinary methods of ex- 
pressing the rate of motion of rotating pieces, and in the 
following pamgraphs we give examples of those methods. 
Let N and n denote the number of teeth, and II and r the 
radius of the driver and follower respectively ; then 

N_R 

n~ r 

Again, let V and v respectively denote the angular velocities, 

and E and e the number of revolutions of each in a given 

time; then 

N_R_ » e 

^ = ^ = V - e' 

Besides the above, we have to consider the pitch of the teeth of 

the wheels, and as most of our calculations involve thisquantity, 

we shall therefore define the term and give some examples. 

234. Pitch. — There are two methods of defiiiing the pitch 
of a tooth ; by the first, which is the most common, we speak 
of circular pitch, and hj the second, which is used for small 
pitches only, of diametral pitch. 

285. The Circular Pitch of a tooth is the distance, measured 
along the pitch line, from the centre of one tooth to the centre 
of the next ; if the pitch line is a straight line, as in the case 
of a straight rack, the pitch is the distance, measured as before, 
along that straight line. The pitch is sometimes defined as 
the distance, measured as before, from the inside or outside 
of a tooth to the corresponding inside or outside of the next 
tooth, of course the length is the same in both cases. In 
£g. 234, page 198, the distance AD or /C represents the 
pitch, and in fig. 2, Plate XT., it is represented by ^ C or 
C n, etc. If the pitch line is a curved line, as a circle, the 
pitch is measured along the arc of the pitch line ; that is, 
suppose the pitch is 1 inch, we mean the arc, and not the 
chord of the pitch line between the centres of two adjacent 
teeth, is 1 inch long. In the case of complete wheels it will 
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be readily understood that tlie pitch must be contained a 
whole number of times in the pitch line. 

236. The following equation connects the pitch, the number 
of teeth, and the diameter of the pitch circle ; let P denote 
the pitch, D the diameter of the pitch circle, and N the num- 
ber of teeth of a wheel, P and D being given in inches and 
parts of an inch : — 

Then P x N = D x ir (1); 

which may be put in the forms — 

N=!^.D (2), D=?.N (3), P=? (4). 

F IT N IT 

Equation (3) is the one most frequently required. The 
values of N and D vary for every different wheel, and are 
therefore very nmnerous, 9r is a constant ( = 3*1416), and P 
has few values, and they are definite compared with either 
N or D. The definite values of P usually employed are J 
to 2. advancing by ^, 2 to 3 J advancing by J, etc An 
examination of the following table will quickly manifest 

to the student the order in which these values advance. 

v P 
The values p and - in equations (2) and (3) are usually 

calculated for the above values of the pitch, and registered 
in a table of references so as to facilitate calculations ; the 
table below is an example of such an one. 

TABLE XIII. 



Pitch in 
inches. 
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6-2832 
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0-5937 
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8-3776 
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p 

Values of _ 



0-5141 
0-4774 
0-4377 
0-3978 
0-3580 
0-3182 
2785 
0-2386 
0*1988 
0-1591 
0-1194 
00796 
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287. A few examples will illastrate the tuse of this 
table. 

I. Kequired the diameter of the pitch circle of a wheel of 
52 teeth, 1^ inch pitch. 

D=x-xN (3) 

IT 
P 

In column (3) the value of - for 1 J inch pitch is '3978; 

. • . D = • 3978 X 52 = 20*6856 inches. 

II. Required the number of teeth in a wheel 11-14 inches 
diameter, ^ inch pitch. 

N=^xD {2) 

In column (2) the value of ^ for | inch pitch is 3*5904; 

.-. N = 3-5904 X 11-14 = 39-69 = 40 nearly. 

III. Bequired the pitch of a wheel of 65 teeth, 31 inches 
diameter. 

§ -I ». 

.?! = -477 nearly. 
65 ^ 

P 

This value of - in the table under consideration con-esponds 

nearly to 1^ inch pitch. 

238. The Diametral Pitch for the 
- — [ — ^-s^^ teeth of a circular wheel is the length of 

NSf a fraction of the diameter of the pitch 

\\ circle, while the circular pitch is the 
\ length .of a fraction of the circumference; 
\ thus, suppose the wheel in £g. 233 has 
I I i^_j I J., twelve teeth, the circular pitch = -^ of 
4 ' the circumference = P, the diametral 
Fig. 233. pitch = ^g- of the diameter = Q. 

.-. Q :P: :1 : 31416. 

To find the diametral pitch divide the diameter of the 
pitch circle by the number of teeth j thus, lejj P, D, and N 
be the circular pitch, the diameter of the pitch circle, and 
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the number of teeth respectively, and Q the diametral pitch, 
then 



Q=^ (1) I>=NQ. 



if 

Also Ti-^ = — . 

N IT* 



«=i 



(2) 
.(3). 



Hence it is already seen by equation (3) that the diametral 
pitch is always exhibited in the last table under the heading 

P 

— , but we presently give a table exhibiting it more readily. 

IT 

239. Instead of using the diametral pitch in the form just 
given, it is usual to say a wheel has a certain number of 
teeth per inch of diameter ; thus a wheel of four teeth per 
inch of diameter is called a four-jntch wheel ; a wheel of 
nine teeth per inch a nine-pitch wheel, and so on. 

The number of teeth per inch usually employed are 3, 4, 
6, 6, 7, 8, 9, 10, 12, 14, 16, and 20. 

Let q denote the number of teeth per inch of diameter, 

which is always a whole number, then Q = "T, and equation 
(1) may be written 

14 (4) 

q N 

Equation (3) becomes 

1 __ P . p ^ (K\ 

q v q 

The values of P corresponding to the values of q are 
registered in Table XIV. for reference. 

TABLE XIV. 
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A 
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240. The following examples will explain the use of 
this table : — 

I. What is the diameter of a five-pitch wheel of twenty 
teeth^ and what is its circular pitch? 

»=i, D = N=^=4 inches. 

p=^= •628=1 inch. 

II. Let D = 5 J inches, q = S, How many teeth are there 
in the wheel, and what is its circular pitch 1 

N=D(7 

= 5-25x8=42=No. of teeth. 

P = la^^J}^^ -393=11 inch= pitch. 
q o 

241. Outline Drawing of Spur Wheels. — Having defined 

some of the parts of spur wheels, we will take an example of 
a drawing which shall include the parts considered. 

Figs. 1 and 2, Plate IX., represent in elevation and plan 
a pair of spur wheels in gear ; they are drawn in outline^ 
that is, not showing the teeth. Tfliis is the usual way of 
representing toothed wheels in working drawings, for to 
take the time necessary to exhibit all the teeth is a useless 
expenditure of time and money. Fig. 2 shows half of each 
wheel in section. 

The wheel on the axis A has twenty-four, and that on 6 
has eighteen teeth, f inch pitch. The pitch circles are 
marked P.C.; the dotted circle marked t, fig. 2, represents 
the tops, and that marked h the bottoms of the teeth (we 
shall refer to the teeth presently) ; A is a plate wheel, c is 
the plate which connects the boss a to the rim d. The wheel 
B is solid; the projecting pieces ee are termed facings. The 
figures are drawn to a scale of ^. 

To make our drawing we must first find the diameters of 
the pitch circles by equation (3), Art. 236, from which we 
can obtain the distance A B. 

D=-xN. 

For wheel A, N=24 ) P . « . v •!. i. **««^ ,# ^ ^, ^-^r % 
For wheel B N= 18 I -^ ^^^ i "^^^ pitch = '2386 (from Table XIII.) 
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Substituting these values for wheel A in the equation, we get 

D= -2386 X 24=s6-726=6Ji inches nearly; 

for wheel B we get, D= -2386 x 18=4-294 :k4A inches nearly. 

. A u 5 726 + 4- 294 « ^, « . , 
, •. A B= =6-01 =5 inches nearly. 

If A is the driver, the velocity-ratio =-r7^=;r^ =-7-. 

' ^ AC 24 4 

242. Construction. — Draw the common central line A B, 
and mark off the distance AB just found; divide AB in C so 

that QB = fQ» ^^ ^^6 lial^ tl^6 diameter already found as radii, 

and from A and B as centres describe the pitch circles. 
From C mark off along A B distances equal to the tops and 

bottoms of the teeth of each wheel, making the top z|, and 

6i . '^15 

the bottom ||, of the pitch ; through these points describe 

the cii'cles ty 6, for each wheel. Other proportions of the 
teeth will be considered further on. 

The remaining dimensions of the wheel A are as follows : 
— ^Thickness of rim d, f inch ; diameter of boss a, 2 J inches ; 
diameter of hole in boss for shaft, 1 J inch ; width of teeth. 
If inch ; width through boss a, 2 inches ; and thickness of 
plate c, f inch. These dimensions are usually given in terms 
of the pitch, to which we shall refer later on. The wheel B 
is solid ^ the facings e are 2 inches diameter and J inch 
thick; diameter of hole for shaft, 1 inch. These dimen- 
sions will enable the student to make a drawing of the 
wheels ; there are, however, some points to which we shall 
have to refer presently. 

243. Before considering the proper form of the teeth of 
wheels, we shall give an example of a spur wheel, showing a 
common way of drawing the teeth, as used for scale draw- 
ings ; the method gives only an approximation to the true 
form, but for such purposes may be used with advantage. 
We shall give examples of a better method of approximating 
the true form of the teeth in a succeeding chapter. 

244. We shall now give the proportions of the teeth, 
which are usually expressed in terms of the pitch. Fig. 234 
shows a tooth divided into its several parts; P C is the pitch 
line, A D the pitch, T the top of the tooth, and B its hot- 
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torn. The top and bottom of a tooth are the portions respec- 
tively outside and inside the pitch line. The top of the 
tooth is sometimes termed the fcuce^ and also the a£d&ndnm, 
while the bottom is called the flank, W is the thickness, 
T + B the total depth, and S the space between two consecu- 
tive teeth; AD, W, and S are measured along the pitch 
line j K is the thickness of the rim. 




Fig. 235. 
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Kg. 236, 

There are several sets of proprotions in use for different 
classes of work ; we give three sets in general use. Jn the 
chapter on the teeth of wheels we shall show what deter- 
mines the length of the teeth. 

The set of proportions shown in fig. 236 has been iised for 
the wheels in ^gs. 1, 2, 5, and 6, Plate IX., and is obtained 
by dividing the pitch into 15 equal parts, a& = the pitch 
( = li inch in fig. 236) 



T= 



_6J __6J 



16' 



B=r6' "^ = 16' ® = S'^^T+^=i| 



and the play or bach-laaJi, S - W= --^. 
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In fig. 235 is shown another set of dimensions, a 5 is the 
pitch, as before, which is -divided into 10 equal parts; of 
these 

T=3-3, B=4-2, T+B=7-5, W=4-5, S=5-6, R=4-5; 

or, calling the pitch p, 

T=px -33, T+B=px -75, W=px -45, S=px -55, R=px •45. 

The width of the tooth depends upon the power to be trans- 
mitted ; the usual width =p x 2*5. 

The following proportions are given by Sir W. Fairbaim;* 
the letters refer to the parts in fig. 237, which i& taken from 
the work named. In the right hand column is given the 
dimensions for a 2| inch pitch : — 

Pro^rtional ^^^^^ 

Pitch, = l-OO = 2i 

Depth, = 075 = If 

Working depth, = 0*70 = l| 

Clearance, = 0*05 = J 

Thickness, = 0*45 = ij 

Widthof space, ~ 0*65 = l| 

Playor/d-c/, = 010 = i 

Length beyond pitch line, = 0*35 = { 

In fig. 237 is shown a scale of proportions of teeth, by 
means of which the proportions for any pitch from to 4 
inch may be obtained, and by increasing the number of 
inches, sa seen on the left hand, those of any desired pitch 
may be found. 

The distance on the horizontal line between and V may 
be any convenient length, but the line must be divided pro- 
portionally to the pitches. Thus, if the line is 4 inches 
long, and the greatest pitch is to be 3 inches, then divide the 
line into three equal parts to obtain the proportions for 1" 
and 3" pitches; and if fractions of these are required, divide 
the line accordingly. Make B equal 3 inches, Be, Be?, 
B e equal respectively the clearance, depth beyond pitch line, 
and depth within pitch line, etc., for a 3 inch tooth. Draw 
lines from c, d, e, etc., to 0. 

246. Figs. 5 and 6, Plate IX. — ^These figures r^resent in 
elevation and plan respectively the spur wheel A, figs. 1 and 

♦ Treatise on Mills and Millworh, Part II., pag3 33. 
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2, same Plate, the dimensions of ^hich are given in Arts. 241 
and 242, pages 196, 197, to a scale of ^. 

Having drawn the centre lines e x, fy (the former 
contains the projections of the axis), the pitch circle 
S P, and the circles for the tops and the bottoms of the 
teeth, divide the pitch circle into twenty-four equal parts. 
Take one of the pitch points, as a, and mark on each side of 
it a distance ab = ^ W ; from c? as a centre with a radius 
dh {= the pitch + ^ W) describe the top of the tooth h h ; 
and from c as a centre with a radius c 5 ( = the pitch - \ W) 
describe the bottom of the tooth b h' (the points d and c are 
the centres of the teeth on each side of a). Then hhh' \a 
one side of a tooth; by repeating the operation its other 
side can be drawn, and in like manner the remaining teeth 
of the wheel. The student will find it better first to draw 
all the tops and then the bottoms of the teeth, so that only 
one alteration of his drawing instrument will be necessary. 
Fig. 6 is an elevation, and fig. 6 is a plan, of the wheel ; 
the right-hand half of the plan is in section, as made by a 
plane S^P^, fig. 6, showing the key in position ; the other 
half of the plan is in ordinary projection showing the teeth; 
the construction lines indicate how each is obtained. The 
figures are drawn to a scale of ^, We must remind the 
student that this way of drawing the teeth is only to bo 
used in certain cases, as previously stated. 

246. Back and Pinion, — If we suppose the radius of one 
of a pair of spur wheels, as A in ^g, 1, Plate IX., to be- 
come infinite, then the pitch circle would be a straight line, 
and the wheel would become a rack. Either the rack or the 
pinion may be, though generally the pinion is, the driver. 




Fig. 239. 

Fig. 238 shows one form of rack and pinion; A is the 
pinion, and B the rack ; if the rotation of the pinion is 



202 MACHINE CONSTRUCTION AND DRAWING. 

right-handed, the rack will move from right to left, as shown 
by the arrows; in fact, jnst as if the rack were an external 
wheel. Sometimes the pinion becomes large in diameter, 
and the extent of motion of the rack small, so that the 
pinion only turns through a fraction of its circumference, 
the pinion is then made in the form of a sector or segment, 
as shown in fig. 239. The rack may be a screw and the 
pinion a worm wheel ; we shall refer to this presently. The 
linear velocity of the rack is equal to the perimetral velocity 
of the pitch circle of the pinion. 

In Plate XII. are given three views of a rack and pinion 
in gear. Fig. 1 shows the {dan of rack and pinion, fig. 2 
the front elevation of the same, and ^g, 3 an end elevation 
with the upper part of the pinion in sectioiu 



SECTION n. 

BEVFL WHEELS. 

247. If we wish to transmit rotary motion from one shaft 
to another with a constant directional relation and velocity- 
ratio, and the shafts are not parallel, we employ circular 
bevel wheels. There are two cases, firstly, where the shafts 
are in the same plane; and, secondly, where the shafts are 
not in the same plane. For simplicity we shall divide the 
first case into two : first, where the axes are at right angles ; 
and second, where the axes ai*e at an angle other than a 
right angle. 

The bevel wheels in the second case are termed akevybevel 
wheels ; they are only employed in exceptional cases, owing 
to the difficulty of making accurate wheels; this reason, how- 
ever, should not hold good, if in other respects it is advan- 
tageous to use them, as they can be readily constructed, 
though not so easily as ordinary bevel wheels. The same 
transmission of motion can be effected by a combination of 
ordinary bevel wheels, as we shall show presently. 

We shall consider the wheels in the first instance to he 
toothless, so that the surfaces we represent are the pitch- 
surfaces of the toothed wheels; we treated spur wheelf 
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exactly in the same manner. The pitch-surfaces of bevel 
wheels are frusta of cones. 

248. Bevel Wheels having Axes at Bight Angles. — 

Two axes A and B, whose projections are a a, aV, and h, h'h\ 
£gs. 240 and 241, are to be connected by means of bevel 
wheels, so that the velocity-ratio shall be 2, A being the 
driver, that is, A is to make 2 revolutions to 1 of B. 




Fig. 241. 

Let the two axes intersect in D, fig. 240 j upon W set off 
from D any convenient length D 1 as a unit of length ; and 
upon aV, from D, a distance D 2 equal to two of the same 
units of length. Upon D 1 and D 2, describe the rectangle 
D 1 C 2, and draw the diagonal D C. Let e'f be the greatest 
radius of the driving wheel, draw /'A; parallel to a' a', meeting 
D C in A. Through / draw lines parallel to a a and h'h\ 
meeting a' a in e, and h'h' in h ; make eg = e/y and hk = h/; 
then gf and ^/ will be the required greatest diameters of the 
wheel. Join "DkyDg (kD g will be a straight line), then 
Jy/g, Jy/k are two cones having a common vertex D, which, 
being centered upon the axes A and B (aV, b%% will revolve 
in contact, so that the axes A shall make two revolutions 
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while the axis B makes one. The line D/ is called the line 
of contact; that is, the line in which the surfaces meet. 
Frusta of these cones are used for the wheels, as shown in 
the figures. Fig. 240 is an elevation, and fig. 241 a plan. 
We have stated with respect to spur wheels that the radii of 
the pitch circles of a pair of wheels in contact are inversely 
as their angular velocities, and from the above construction 
it will readily be seen the same statement holds with bevel 
wheels. 

Let V and v be the respective angular velocities of A and 
B, e/and A/ their radii, then 

The velocity-ratio of 

B ^ t? " 1 ~ 
249. When the wheels are of equal diameter, and the axes 
at right angles, they are called mitre bevel wheels. Figs. 3 
and 4, Plate IX., represent a pair of such wheels in gear; we 
shall refer to this example shoitly. 




Fig. 242. Fig. 243. 

250. Bevel Wheels having Axes not at Bight Angles. 
-Two axes A and B, whose projections eere a, aW, and b bf 
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Vh\ figs. 242 and 243, are inclined to each other at an angle 
of 60^, and lie in the same plane. They are to be connected 
bj means of bevel wheels, so that the velocity-ratio shall be 
§ ; the greatest diameter of the wheel on A, which is the 
driver, to be equal to twice ef\ ^g, 243. 

Draw the axes &D and D a\ fig. 242, to contain an angle 
of 60°, and let them meet in the point D. Upon D a set 
off D 2 = 2 units of length (D 1), and upon D h' set-off D 3 
= 3 of the same units. IJpon D 3 and D 2, describe a 
parallelogram D 2 C 3, and draw the diagonal D C, which is 
the line of contact. Draw//* parallel to aV, meeting D C 
in /; through f draw fe g, fh k perpendicular to aa'y h'h\ 
respectively, meeting a a! in e, and h'h' in h. Make eg = ef^ 
and hk = hf\ join D A;, D ^r, then I) /A:, "Dfg are two cones 
having a common vertex D, which are the pitch surfaces of 
the required wheels. Frusta of these cones are used for the 
pitch surfaces of the wheels ; we will explain more fully the 
form of the pitch and other surfaces in the examples that 
follow. 

The velocity-ratio of 

261. Mitre Bevel Wheels. — We have already explained 
that mitre bevel wheels are those whose axes are at right 
angles, and diametei-s equal ; we now proceed to work out 
an example. 

Figs. 3 and 4, Plate IX., are elevation and plan of a pair 
of mitre bevel wheels in gear; they are drawn in outline, 
and half of each wheel in fig. 3 is in section. The directional 
relation and velocity-ratio are constant, and as the radii of 
the wheels are equal, the velocity-ratio is unity. The formula 
previously given for toothed wheels apply equally to bevel 
fvheels. 

If each wheel has 24 teeth, 1 inch pitch, therefore the 

diameter of the pitch circle = - x N = -3182 x 24 = 7-636, or 

7| inches nearly. 

252. Draw the projections a a, a' a\ and h b, h* di the axes, 
and let C, fig. 3, be their point of intersection. From 6', fig. 
4, as a centre, describe the pitch circle of the wheel B, and 
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draw the pitch line of the other wheel at right angles to aV, 
and tangential to the pitch circle already drawn. Now draw 
gf^fk the plans of the f^tch circles, which may be done by 
describing from C as a centre, a circle equal in diameter to 
the pitch circle, and drawing gf and fh at right angles to 
the axes and tangential to the circle. Join Qf, C g, and C h, 
gCk will be a straight line, then Ggf and C/k are the 
conical pitch surfaces of the wheels, and C/ the line of con- 
tact. Upon gC or fC mark off gm equal to the width of 
the pitch surface, that is, equal to the width of the teeth ; 
from m draw a line meeting /C, and cutting off a frustum of 
the cone /Cg; then the frustum thus cut off is the whole 
pitch surface of the wheel A, and B is similar to it. The 
tops of the teeth are formed outside, and the bottoms inside 
this pitch surface. 

From /drsLw/e at right angles to the line of contact Gf, 
meeting the axis aa m e, and join e g ; then e ^ is at right 
angles to C^. Draw similar lines for the other wheeL 
Fromy; along b/e, set off the top t and the bottom h of the 
teeth of each wheel, as shown for clearness at g ; from each 
of these points draw lines to C, and lines parallel to g/y /,L 
Complete the figure, as shown by the construction lines, and 
from the following dimensions : — Diameter of boss 2f inches, 
diameter of hole for shaft l^ inch, and width through boss 
2f inches ; width of teeth 2^ inches. The other proportions 
of the teeth are to be taken from one of the sets of dimensions 
given in Art. 244, page 199. The teeik of bevel wheels are 
made of the same size at tgh, as the teeth of spur wheels of 
the same pitch, but as they radiate to a common centre C, 
they decrease in size the nearer they are to that centre, so 
that we have a maximum and a minimum size of tooth, and 
in calculating the strength we must take the mean of these. 

258. The tnie form of the surface upon which the teeth 
are set out, as shown at t g h, is spherical; but as the surface 
occupied by the teeth is relatively small, they are set out on 
the surface of the tangent cone to the spheiical surface at g. 
In ^g. 7, Plate IX,, we have shown the wheels circumscribed 
by the sphere of which they are parts, and the tangent cones; 
also the inscribed sphere and its tangent cones, upon which 
are set-out the minimum size of the teeth. In fig. 8 is showa 
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a portion of the wheel and the circumscribed sphere, drawn 
full size. The same letters of reference are used for all the 
figures. We shall have occasion to refer to this point when 
we treat of the teeth of bevel wheels. 

254. Pair of Bevel Wheels in Qeax. — We now give another 
and a more general example of a pair of bevel wheels, drawn 
in outline ; the axes are at right angles, and the velocity-ratio 
•|. The driver has 24, and the follower 20 teeth, 1^-inch 
pitch. Figs. 1 and 2, Plate X. — ^A is the driver and B the 
follower ; the projections of their axes ai-e marked a a, a, and 
h b, h' b'. If B., r are the radii of the pitch circles, and N, n 
the numbers of teeth in A and B respectively, then 

?=?. Thevelocity-ratio=I=t. 
r n R 

Find iAie ^diameters of the wheels by the equation pre- 

p 
viously given (page 193) ; thus, for wheel A, D = — x N = 

•4774 X 24 = 11-457 = 11|| inches nearly; for wheel B, D = 
•4774 X 20 = 9-548 = 9|f inches nearly. 

255. Draw the centre lines ax, bb, and b' b', and the pro- 
jections of the pitch circles, as shown ; let C be the point of 
intersection of a a and b b. From/ draw 1/ at right angles 
to C/, meeting a a in e, and bb in I, From e draw e g, and 
from I draw I k, and produce them, making gt,kt equal in 
length to the top of a tooth from one of the sete of proportions 
given previously. Then tet and tit are the cones upon the 
surface of which the teeth are to be set-out ; make g h equal 
to the outeade of a tooth, and draw the lines 1 1\ etc., which 
represent the tops and the bottoms of the teeth. Make g m 
equal to the width of the teeth ; from m draw m n parallel 
to ^ 6, from n draw n o parallel to e /, and from o draw o p 
parallel to Ik; produce each of these lines to meet lines drawn 
from 1 1, and h in it' and li. Then i n t* and t' o t' are the 
cones upon the surfaces of which the inside, calling. ^^ A the 
outside, of the teeth are set-out. 

Fig. 3 shows the developments of the cones tet and tlt\ 
only a portion of the latter is shown. Upon these develop- 
ments the teeth ai-e set-out in their true size, as it will readily 
be seen they are not shown so in the projection, ^g, 1. As 
the surfaces of the teeth radiate to a common centre C, it is 
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not necessary to draw the developments of the smaller cones. 
The line E L is drawn parallel to e /,/F is C/produced, and 
e'EflJj are drawn parallel to/F. 

The dimensions of the parts not already given may be taken 
from the figures and read off on the scale attached. 



SECTION IIL 

SCREW OR HELICAL-TOOTHED WHEELS — SPUR MITRE WHEEL — 

WORM AND WORM WHEEL. 

256. There is a class of wheels often employed to connect 
two shafts, called screw or helical-toothed wheels. These 
wheels take certain distinct forms, according to the position 
of the axes and of the relative number of threads or teeth on 
them. The general term, screw wheels, includes them all, 
but for convenience it is advisable to divide them into three 
classes; we therefore arrange them as follows: — 

Class I. — Axes parallel and in the same plane. 
„ II. — ^Axes in parallel planes, and their projections on either 

plane at right ancles. 
,, III. — Axes in parallel planes, and their projections on either 

plane forming an angle other than a right angle. 

The wheels in Class I. are seldom employed on account of 
the increased friction between the teeth, due to their lateral 
oblique action, and for the majority of purposes ordinary spur 
wheels can be used instead; the latter are also easier to ms^e, 
and work with much less friction. We shall therefore only 
briefly refer to this class of wheels. The wheels of Class II. 
are extensively employed, and it is convenient to divide them 
into two sections ; first, those in which the number of teeth 
in each of the two wheels are either equal, or do not vary 
beyond a limit of about — ^for there is no exact line to the 
limit — ^four or five times as many in the one as there are in 
the other. Second, those in which the velocity-ratio of the 
two connected shafts is greater than five, being generally 
twenty or upwards. The wheels of Section I. are called screw 
or helical-toothed, and in the case of equal wheels they are 
sometimes called spur mitre wheels. A pair of those forming 
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the seoond diviBion are called a -worm sad -worm wheel, the 
smaJler, or pinion, ia termed the worm or eudleas screw. We 
shall give examples of these wheels. 

The wheels of Class III, are seldom employed, we therefore 
merelj state that the rules given for those of Class II. can be 
applied, with a little variation in detail, to those of Class III. 

257. AU screw wheels work more or less by friction, and 
this friction ia due to the oblique lateral pressure esert«d 
between their acting surfaces, which are inclined to their axes 
of rotation ; in other words, helical teeth have a tendency to 
increase friction, owing to the lateral oblique pressure ttiey 
exert ; but they work by rolling and not by sliding contact. 
A portion of this laterally oblique pressure is thrown upon 
. the bearings that carry these axes, so that besides the friction 
of the acting surfaces of the teeth, there is that thrown upon 
the bearings, in the form of end pressure, between the collars 
on the shafts and the faces of their bearings. This increase 
of friction is objectionable, aa it is a waate of power, and 
hence this class of wheel work is only employed in cases 
where it cannot be dispensed with, for want of space, etc., 
or in those cases where the advantage gained more than 
oompensatee for the lose due to increased friction. 




Fig. 245. ng. 241. 

SS8. Class I. — Axee parallel and in the lame plane. — In 
figs. 244, 24S is shown a pair of screw or helical-toothed wheels 
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in gear, conuectmg the Bhafte A and B, vrbose projectioiu an 
a, a' a', and b, b' b'. Tbe wheel on the shafi A is marked C, 
and that on the Bhaft B, D. These wheels reaemble spur 
wheels, bat instead of having their teetii at right angles with 
their faces, or parallel to their axes, they are inclined to thero. 
Such wheels may be considered as portions of aciews having a 
nnmber of threads up<Hi them, the number of threads answering 
to the number of teeth. Forapairofsach wheels to gear cor- 
rectly, the foUowing conditions must be fnlfilled : — If they an 
external wheels, as in figs. 244 and 245, the screw-threads mnst 
be right-handed on one and left-handed on the other; if one of 
the two is an internal wheel, then they most be either both 
right-handed or both left-handed. The teeth mnst be inclined 
to the axis of each wheel at the same angle; that is, 1^ 
developed angle or inclination, or obliquity of the teeth, must 
be the same in each wheel. The circular piteh, that is, the 
distance from centre to centre, or from oatude to outside, oi 
two adjacent teeth or threads on the pitch circle, as seen 
in the front elevation, fig. 244, mnst be the same in eac& 

These wheels were invented by Dr. Hooke, the inventor 
of the stepped tooth, Hook's joint, etc. If the angular spaces 
formed by the steps E L and M, ete., fig. 289, were filled np 
to a line drawn to touch the comers of the stepped teeth, as 
the comers (, d, and^ of the teeth on the left hand of E L 
and M, the tooth thus formed would become a helical or ac^ew 
tooth, as those shown in fig. 245. 




Kg. 246, F^. 247. 

££& Class IL — Axet in paraMel planes, and tAeirpryte- 

tion»«n either ploTie at right angles. — Before giving a geneni 
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Bolution, we will take the special case of eqoal wheels, or as 
they are called, apnr mitre wheels. In figs. 2i6 and 247 
are shown a pair of equal screw wheels C and D, with their 
axes A and B, whoBe projections are a, eta and h b, and b'ii, 
each wheel has twelve teeth or threads, which are right- 
handed screw-threads. The wheels are in fact portions of a 
twelve-threaded right-handed screw, of such a pitch that the 
sum of the angles of inclination of the two threads, one in 
each wheel, are equal to a right angle, which is the angle 
contained by the projections a a' and b'b' of the axes, fig. 247. 
These wheels are convenient for trangmitting motion from 
one shaft to another, where the distance between them is 
relatively small, but the objection exists that they work by 
Mction^ however, this is more than compensated for in cases 
where they are employed by the 
advantage gained. Cast steel 
has been found to answer well 
as a metal for such wheels. 
Messra. Collier, and Sir J. Whit- 
worth, of Manchester, both em- 
ploy screw wheels for driving the 
drill spindles of tJieir mitltiple 
drilling machines. As the wheels 
are equal and similar, thore is no 
change in the velocity of the 
shafts A and B. The case of 
unequal wheels, and of wheels 
of different numbers of tiireads, 
will be considered in the next 
article. 

259. CLiBSlL — GenercUCase. 
— In figs. 248 and 249 are shown 
a pair of screw wheels C and E 
of unequal diameter, and having 
an unequal number of teeth. 
The projection of the axes are, 
as in the former case, at right 
angles, but by a slight change, 
the construction we shall give ^'8- 248. 

may be applied to cases where those projections are i 
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right angles. The projections of the axes A and B are marked 
a a, aa\ h b, b'b\ Unlike spur or bevel wheels, the velocity- 
ratio of the axes connected by screw wheels is not inde- 
pendent of the radii of their pitch surfaces. The plan, fig. 
248, is inclined to the plane of projection of fig. 249. The 
portion of fig. 249 in section is made by a plane a; C a; at right 
angles to the plane of projection of fig. 249. 

The angular velocity-ratio of a pair of screw wheels in gear 
depends upon the number of threads or teeth in each, and are 
inversely as those numbers. These wheels under considera- 
tion have six and eighteen teeth, and the radii of their pitch 
surfaces, which are cylindrical, are as 1 : 2. The velociiy- 
ratio, C being the driver, of 

1>- 6 - 1 • 
That is, C makes 3 revolutions to 1 of D. • 

For continuous motion to be transmitted by these wheels, 
the velocity-ratio of a pair of wheels in gear must be expressed 
by a whole number, just as in the case of spur wheels, for the 
circular elevation of a screw wheel resembles a spur wheel, 
as may be seen in ^g, 246, and in the examples to follow, 
especially those illustrated by Plates XXI. and XXII. In 
other words, the pitch, as measured on the pitch circle, must 
be an exact divisor of that pitch circle ; thus, if there are six 

teeth, then the pitch = <^^<='^fe"""'« "f pifh c"°l«. This pitch 

is the divided circular pitch, and it is generally different in 
each wheel of a pair. 

The divided normal pitch of two wheels in gear must be 
the same. If the screw threads of a pair of wheels in gear 
are either both right or both left handed, then the sum of the 
angles of inclination of two threads in contact, one on each 
wheel, must equal the angle contained by the projection of 
their axes ; that is, if the axes are at right angles, and one 
makes an angle of 60° with its axis, that of the other must 
make an angle of 30°. If one is right-handed and the other 
left-handed, then the angle between the axes must be equal 
to the difference of the angles of inclination. In figs. 250 
and 251, A is shown as a cylinder, the projections of 
whose axis are a, a'a\ which we shall consider as the pitch 
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ecrface of a screw wheel on which is traced one revolution, 
turn, or coil, of a helix, 0,..XII in fig, 250, and 0...12 in 
fig. 251. The square 0, 12, XII B, fig. 252, is the develop- 
ment of the cylindrical sudaoe, and the line 0...X1I the 
development of the helix. The line 0...12is equal ia length 
to the circumference of the cylinder, and the line 12.. .XII 
Fig. 250. 




' Pig. .'M. 

is equal to the pitch of the helix ; that is, the distance 
meaaared on the surface of the cylinder, and in a direction 
parallel with its axis, between two corresponding points of 
one coil of the helix. This pitch, for distinction, is called the 
axial pitch, it is the ordinary pitch of a BCrew. If fram the 
point 12, fig. 252, we draw a line, 12. ..VI, at right angles 
to the line O...XII, that line represents a portion of the 
deveiopment of t^e normal helix; that is, a, helix traced upon 
the same cylinder, but which cuts the first helix at right 
angles. If the cylinder were produced towards the left and 
the helix continued, another coil would commence at the 
point 12, as 12 6, in the development, fig. 252; so that the 
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line 12... VI is the shortest distance between two coils of 
the helix. At C, fig. 250, is shown a portion of the first 
helix cCd, and a portion of the normal helix, marked e C/ 
The line 12. ..C, fig. 252, is called the normal pitch of the 
helix O...XII, and as before stated, the line 12. ..XII (or 
O B), is the axial pitch. The line 0...12 may be called the 
circular pitch, for it is the length of the circumference of the 
cylindrical surface which forms the pitch surface upon which 
the helix is traced, and in the develc^ment it forms one side 
of the triangle 0, 12, XIL 

Let the circmnference or circular pitch, 0...12=^, the 
axial pitch 12...XII = A, and the development of oxk&coil of 
the helix 0. . .XII = A;, then 

g, h, and k being expressed in inches and fractions of an 
inch, or in any other convenient notation. 

Now, suppose instead of there being only one helix 0. . .XII 
traced upon the cylinder, there are a number of smaller 
helices, say twelve, and that they are all at an equal distance 
apart, in fact, in the end elevation, fig. 251, they divide the 
circle 0...6...12 into twelve equal arcs; and suppose these 
twelve helices are traced upon the cylinder and a development 
of the whole made, then we should have, in the present case, 
supposing the cylinder is of the length shown in fig. 250, a 
square, fig. 252, with a number of lines llr, 10^, etc., drawn 
parallel to the developed helix O...XII, which is in this case 
a diagonal of the square, these developed helices between 
O...XII and llr would divide the lines 0...12, 12... C, and 
12... XIL In ^g. 252 we have divided the circumference 
... 1 2 into the same number of equal parts as on the circle, £g. 
251; from these points 0...10, 11 lines are drawn parallel to 
0...XII cutting the line 0...VI, the normal pitch, in t, u, 
etc., and the line 12... XII the axial pitch in r, 8, etc. We 
thus divide the three pitches, circular, normal, and axial, 
into as many parts as there are helices on the surface, and 
instead of speaking of the whole or total pitch of the helix, 
we refer to the divided pitch; thus the line 10, 11 is the 
divided circular pitch ; the line t u, the divided normal pitch; 
an4 the line rs the divided axial pitch. The length of each 
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of these divided pitches is found by dividing eax^h of the 
total pitches by the number of helices; in the first case there 
are twelve, thus the divided normal pitchy for example, = -^ 
ofthelinel2...VI. 

260. Radios of Curvature. — ^If we take a section of the 
cylinder, fig. 250, at right angles to the helix O...XII, we 
shall have for that section an ellipse, a portion of which is 
shown in fig. 254. This section is mside by a plane S P, at 
right angles to the direction of the portion of the helix c d 
at the point C ; the point C, fig. 254, is a projection of C, 
and e'f* are projections of e and f. The radius of a circle 
which corresponds to a small arc of the ellipse at the pomt 
C, is called the radius of curvature at that point; practi- 
cally, the arc e'Q'f corresponds to the arc of a circle whose 
radius is equal to the radius of curvature for the point C. A. 
small portion of the normal helix 6/ on each side of the 
point C, ^g, 250, lies in the section plane S P, so that the 
radius of curvature of the ellipse at the point C is also the 
radius of curvature of the normal helix at that point. In 
the present case, the pitch of the helix is equal to the cir- 
cumference of the cylinder on which it is traced; that is, the 
axial and circular pitches are equal, therefore the develop- 
ment of 0, 12, XII, B of the cylinder is a square, and that 
of the coil 0, XII, a diagonal of that square. Therefore 
the original helix and the normal helix, portions c d and ef 
of which are shown intersecting at C, fig. 250, are each in- 
clined to the axis of the cylinder at an angle of 45^; and 
the radius of eurvafcure of the nor- 
mal helix equals the diameter of the 
cylinder. 

In ^g. 255 is shown a construction 
for obtaining the radius of curvature 
of a helix. Let A B represent the axis 
of the cylinder upon which the helix is 
traced. Draw A D at right angles to 
AB and equal to the radius of the 
cylinder ; make the angle BAG equal 
to the angle of inclination of the screw. 
From D draw D C perpendicular to Fig. 255. 

A D, meeting A C in C, and from draw E perpendi< 
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cular to A C, meeting A D produced in E, then A E is tbe 
radius of curvature. 

By caleulation AE = AD (l + 7i)j where p stands for the 

axial pitch of the helix, and c for the circmnfer^nce of the 
cylinder; p and c we have also called the axial pitch and the 
circular pitch, respectively. 

261. Worm and Worm Wheel.— When the velocity-ratio 
to be transmitted between two shafts at right angles is great, 
as for example when one shaft is to make, say, 25 or 50 
revolutions to one of the other, a worm and worm wheel is 
usually employed. These are screw wheels ; but, as we shall 
see, owing to the extreme care required, the teeth are 
usually constructed upon different principles, and more 
resemble those of a rack and spur wheeL The smaller 
wheel is called a worm or endless screw, and is in fact a 
porti(m of a screw, while the larger is called the worm wheel, 
and in some cases resembles a spur wheel with its teeth set 
at an angle with the axis, and not parallel to it, as in the 
case of an ordinary spur wheel. 

In figs. 256 and 257 is shown a worm and worm wheel in 

gear; the threadis of 
the worm and the 
teeth of the wheel are 
both right - handed 
The worm D is the 
driver and the wheel 
E the follower; the 
projection of these 
axes A and B are a a, 
a\ b, h'h\ The velo- 
city-ratio of the shafts 
A and B depends upon 
Fig. 256. Fig. 257. the number of threads 

in the two wheels, and is independent of the diameters of 
their pitch surfaces; in this respect they resemble screw 
wheels. 

If the worm is a single-threaded screw, which is usually 
the case, then for every revolution it makes, a radius of the 
worm wheel will describe an angle which is subtended on its 
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pitch circle by an arc equal to the circular pitch of the 
worm-wheel, and as this arc is contained a whole number of 
times in the pitch circle the angle can be easily founds 
Thus, let there be 50 teeth in the wheel ; ihen for every re- 
volution of the worm, the wheel makes -^ of a revolution ; 
and the angle described by the radius - ^^^ = 7*2®. The 

velocity -ratio ^ = -r- = 50. 

In fact, if we consider the worm as a wheel of one tooth, 
then we may express the velocity-ratio just the same as in 
the case of ordinary spur wheels; and if the worm is double- 
threaded, then we may consider it a wheel of two teeth, and so 
on. The pitch of a worm and worm wheel is usually under- 
stood as the circular pitch of the wheel and the axial pitch 
of the screws ; but if we are considering a double-threaded 
screw, then it is necessary to define the term more exactly, 
otherwise error may result. We shall therefore treat the 
pitch of worms and worm wheels in a similar manner to 
what we have done screw wheels, which they in many re- 
spects resemble. 

The circular pitch of a worm and worm wheel — 

_ Circumference of the pitch circle 
Number of teeth 

The normal pitch is found in the same manner as for a pair 
of screw wheiels, Art. 259, page 212; we shall not require 
to refer to this pitch in the case of worms and worm wheels. 
The aasial pitch is the same as in the case of screw wheels, 
and is found by dividing the axial pitch of the helix by the 
number of teeth. The axial pitch of the worm is equal to 
the circular pitch of the worm wheel; these are the quantities 
usually required. The form of the teeth is considered in 
a previous article. 

262. Skew Bevel Wheels. — Skew bevel wheels, as pre- 
viously intimated, are employed to connect two shafts that are 
not in the same plane. The figures on the next page (258 and 
259) represent the pitch surfaces of a pair of skew bevel wheels 
in gear, their pitch surfaces are hyperboloida, as shown by the 
dotted lines in ^g. 258, and partly dotted lines in both figures; 
now as the portions of the hyperboloids used for the wheels 
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are small, tongent-coneB to tbe LyperboloidB ore ased for tlie 
pitch Burfacee. The case we propose to illustrate is that in 
which tlie axes are in parallel planes, and the projections of 
those axes upon either plane are lines which are not parallel 
The upper figare (259) is a projection upon a plane at right 
angles to the parallel planes, contiuning the axes A and B, 
whose proportions are marked aW, b'b . The lower figuro 
(258) ia a projection upon & plane parallel to the planes 
containing ^e axes, and therefore at light ai^lefl to the 
plane of projection of the upper figure ; the projection of the 
axes are marked a a and b b. 
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Fig. 253. 

The perpendicular distance between a'a' and b'b' is the 
distance b^ween the planes containing the axes, and e'f is 
egual to that distance, which is the shortest between the two 
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axes. The angle aeb, fig. 258, is the projected angle con- 
tained by the axes, and it corresponds to that contained by 
the axes of a pair of ordinary bevel wheels. The two pitch 
surfaces meet in a Hne C D, called the line of contact, whose 
projections are e d and c'd, 

268. Projection of a Pair of Skew Bevel Wheels — Let the 
wheel on the axis A be the diiver, the velocity-ratio being 3 ; 2 
or -I, the angle a c 5 = 60°; the distance between the planes 
containing the axis = e'/,' figs. 258, 259; also, let the distance eg 
and the width hi, measured on the line of contact cd, be given. 
Draw aa,bbf a'a\ and b'V, let a a and b b intersect in c; then 
from c draw cd, ss i£ aa and bb were the axesof a pair of 
ordinary bevel wheels. Divide ef in c\ so that/V : cV : : 
3:2; through e\ parallel to a'a', draw cd, which is a projec- 
tion of the line of contact of the two hyperboloids. 

Through g draw ^ A at right angles to a a, meeting cd ia 
hy and from h draw A A; at right angles to and meeting bb in 
k. If the wheels were ordinary bevel wheels, g h and k h, 
assuming these lines to be in the same plane, would be the 
greatest radii of the conical pitch surfaces ; but as the axes 
are not in the same plane it is clear the radii in question 
must be greater than gh, kh. The projections of gh, k h, 
in ^g. 259, are mailed gh', k'h\ and h' is the point in which 
these lines meet. The true lengths of the lines, whose pro- 
jections are g h, gH, and k h, k'h\ are the greatest radii of 
the pitch surfaces ; these surfaces being tangent cones to the 
hyperboloids at p and q. 

To find p and q mark off h I, and bisect it in o; through I 
draw lines at right angles to aa^b b, meeting them in m n, 
then ^ 971 is the thickness of the frustum of the wheel on A, 
and k n the thickness of that on B ; j9 and q are the mean 
radii of these frusta, which can be found by a similar con- 
struction to that employed for the extueme radii, as follows: — 

To find the lengths of the greatest radii G H, K H, and 
also of the least radii M L, N L, we will take those for the 
larger wheel B. Take a right-angled triangle H A K, shown 
on the right of ^, 259, H h being equal to h k, and A K to 
f'c'; then K H is the required greatest radius. The right- 
angled triangle N w L has its sides N w, L w equal respectively 
n I, fe'] then N L is the least radius. In a similar manner 
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the radii of the Bmaller wheel ma,y be found, the ccmmon. 
aide for the triangleB being equal to cV, and their bases to 
g h and m I. 

Make the radii ^ H, n L, m M, and g h, fig. 258, eqnal to 
the greatest and least radii of the frusta, and join H L, H M. 
Then HitnL, H^mM, are the half ctmieal &uata of the 
required pitch surfaces; the remuning halves, which ara 
equal and similar, may eaaly be drawn. 

From the above construction it is perfectly obvious that 
if the teeth of a pur of ^ew bevel wheels be cut in the 
direction of the generating line of the two rolling hyper- 
boloids, that they will accurately meet, for this line is the 
line of contact of the two surfaces. For actual working, 
narrow frusta only are employed. 




364. Combinstion of Bevel Wheels. — A more general 
aiTangement for transmitting motion from one shaft to 
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another, in which the constant yelocity-ratio of those axes is 
maintained, and in which the axes may have any possible rela- 
tive position, is shown in figs. 260 and 261. The arrange- 
ment consists simply of two pairs of ordinary bevel wheels. 

The two axes A and B, whose projections are a a, a'a', and 
b J, bV, are provided with wheels E and H, which, supposing 
it were possible for them to gear together, would maintain 
the required velocity-ratio; but as they cannot gear together, 
an intermediate axis C, whose projections are cc, c'c, is 
employed, upon which is fixed two wheels F and G, whose 
pitch circles are of equal diameter, these wheels being in 
gear with E and H respectively. 

We have already shown that by means of a pair of bevel 
wheels we can connect two axes which are inclined to each 
other, and which lie in the same plane; in the present case 
we have the axes A and in one plane, and a' K c' is the 
angle contained by them. The axes B and are also in 
one plane, but not in the same one as A and C, and bJjC 
is the angle contained by them. It is therefore clear that 
the arrangement, as stated, is possible whatever be the 
relative position of the axes A and B. The distance 
between the wheels F and G may be varied according to 
circumstances. 

Let e, /, g, and h denote the radii of the pitch circles of 
E, F, G, and H respectively, F and G being equal. Then 
the velocity-ratio of 

^U, and of 5=5.. 
C c' B g' 

therefore the velocity-ratio of 

A h 
5 = 7 

which is the same as if the wheels E and H were in gear. 
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SECTION IV. 
BCCENTRIC WHEELS — ELLIPTIC WHEELS, ETC. 

265. In the previous sections of this chapter we have 
treated of circular wheels, the axes of which have a constant 
velocity-ratio; we now propose to consider some of the more 
common forms of wheels which are not circular, but whose 
axes are parallel Wheels of this class are only used for 
special purposes, but they are of sufficient importance to 
demand a space in this work. All wheels that rotate or 
oscillate about a fixed centre, whatever be the form of their 
outline or pitch surface, if their radii vary, may be called 
non-circular wheels. Thus an eccentric circular wheel, that 
is one whose pitch surface is circular, but whose centre of 
motion is not its geometrical centre, may be called a non- 
circular wheel, because all the radii of each similar half vary. 
However, in the present classification, we shall consider cir- 
cular eccentric wheels separately. 

In circular eccentric wheels, and in non-circular or rolling 
curve wheels, with paiuUel axes, the velocity-ratio is variable, 
and in the cases we shall consider the directional relation 
will be constant. 

m; 266. General Principles. — The 

fundamental condition that must exist 
in all cases of the transmission of 
motion by wheel work in gear, is that 
for every possible position of the two 
wheels while in gear, the sum of the 
radii must be constant for every one of 
those positions, these radii being one 
in each wheel, and their sum equal to 
the line of centres with which they 
■coincide when their extremities are in 
contact. Thus, in fig. 262, let a and 
h be the centres of the projection of the 
parallel axes of a pair of rolling curve 
wheels, a h the line of centres, and 
in a 6 the point of contact of the traces 
Fig. 26ir of the pitch surfaces, and let D be ^e 
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driver, rotating as shown by the arrow. The line of contact 
is a line passing through C peipendiciilar to the plane of 
projection. Suppose the point f on the wheel D, and the 
point ^ on E coincided at a given instant with C; then 
supposing there to have been no sliding during the change 
of position of these points, the arc C/ would be equal to the 
arc C g. This condition is essential, as is also the follow- 
ing : — Let afy a C, and bg, b Che the radii before and after 
the assumed rotation of D and E respectively. Then — 

a/+hg=aC + bC = ah, 

all the points being in the plane of projection, which is per- 
pendicular to the axes. Tbe angular velocity-ratio of the 
axes of D and E, for their position shown in the figure — ^that 
is, with C for the point of contact — is the same as if the 
wheels were circular, that is, the angular velocity-ratio of 

E "aC' 

But this ratio varies for every new position of the wheels, 
it increases or decreases according as the radius of D de- 
creases or increases. In the figure, the two wheels D and 
E are portions of equal and similar ellipses entered at their 
foci a and b, the foci a' and 5' being the revolving focL 




Fig. 263. 

26?. Eccentric Wheels^ — An eccentric wheel is one whose 
<ientre of motion, as the centre of its axis, is not the geome- 
trical centre of the trace of its pitch surface; this trace may be 
a circle or some other curved line, as, for example, in the above 
illustration. In fig. 263 is represented a pair of wheels D and 
E fixed on ajces A. and 6, whose projections are a and b; ab 
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is the line of centres, and C the point of contact, the line of 
contact is perpendicular to the plane of projection of the 
figure, and passes through C. The wheel D is a circular 
eccentric wheel, and the wheel E is a non-circular eccentric 
wheel. The circumference of the trace of the pitch surface 
of the wheel E is equal to that of D, and the sum of the 
radii of the two wheels for each point of contact is constant, 
and is equal to the line of centres a h. Thus, suppose af 
and h g are two radii, one in each wheel, then for the wheels 
to gear correctly we must have the arc C gr = arc Qf, and 
h g + af= a h ; and so on for each new position of the two 
points y and g which are to come into contact. In designing 
such a pair of wheels, the circular one D is first drawn, and 
then the non-circular one E is drawn to work with it, accord- 
ing to the conditions before stated. This class of wheel- 
work is only used for special purposes where a varying 
velocity-ratio is required. 

An example of non-circular wheels is given in this and 
the next sections. In the present case we have an elliptical 
wheel; centered at its geometrical centre, that is at the point 
of intersection of its major and minor axes in gear with an 
eccentric circular wheel. 

Elliptic wheels centered at their foci are a common form 
of eccentric wheels. 

X. AH eccentric wheels re- 

quire to be balanced if they 
rotate at a high rate, or 
are comparatively heavy, 
as they are not self-bal- 
anced as circular wheels 
are. 
268. Elliptic Wheels. 

— ^Two equal and similar 
elliptic wheels centered at 
their foci, are rolling 
curves whidi fulfil the con- 
ditions stated in Art. 266. 
In fig. 264 is shown two 
such ellipses, D and E, fixed 




.X. 



Fig. 264 
on axes, A and B, whose projections are a and &; ad is the 
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line of centres, and C the point of contact, the line of contact 
being at right angles to the plane of projection, and passing 
through the point C. The two foci /* and k revolve about a 
and b as centres, and for each complete revolution of the 
wheels, each describes a circle whose ' radius is equal to ah, 
which is twice the eccentricity of the ellipse. 

Some of the properties of the ellipse have been already 
stated, and also various methods of drawing ellipses, which 
are shown on Plate II. 

From the qualities stated in Art. 46, which we repeat here, 
it will be obvious that the following conditions exist. Referr- 
ing to fig. 54, Plate II., in the ellipse ACBD, whose foci are 
E and H, we have, taking the point D and any other point, as 
O, on the circumference of the ellipse, DF + DH = OF + 
0H = AF + FH + HB( = HF + 2AF) = AB the major axis. 

In fig. 264 we have in the ellipse D, C A + C a -p h +p a = 
Ih + ha + am { = ah + 2am) = lm the major axis. From 
this it is clear that a C + C 6 = ? m, fig. 264 ; also for any new 
position of the point of contact C, we have the sum of the 
radii a C, & C a constant quantity and equal to the major axis 
I m. Therefore the wheels D and £ will gear together in 
rolling contact. 

In the position shown in hg, 264, the angular velocity-ratio, 

b C 
D being the driver, is = —^ which is unity, because a C = 6 C. 

Suppose the wheel D to rotate in the direction indicated by 
the arrow, then the radius a C would increase until it became 
equal to a ^, which is its greatest radius; at the same time, 
the radius b C would decrease until it became equal to b l\ 
which is its least radius. The velocity-ratio would now be 

represented by -j f = -jj which is one limit. 

For the next quarter of a revolution of the wheels the 
radius of D decreases, while that of E increases, until we 
havQ the velocity-ratio represented by unity, n and n would 
then be in contact. In the next quarter of a revolution the 
radius of D ^irther decreases until it is equal to am, while 
that of E increases, and becomes equal to bm'; the velocity- 
ratio is now represented by -^ ( ~am/ 

2 ^ 
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The angular velocity-ratios for the four positions of the 
wheels when the points C; I and 4^; n and n'} and m and m] 

are in contact, are - unity, ■^> unity, and ^^— 

Between each of these positions the velocity-ratio varies. 
Suppose the wheels D and E, fig. 264, have rotated in the 
direction indicated by the arrows from an initial position, in 
which m m coincided, the lines I m and I'm' would then be 
in one straight line, to the position shown in the figure, 
having C for the point of colitact. During this motion the 
radius a m has increased from am to a C, and the angle 
described by it is represented by m a C, the radius b m has 
decreased to 6 C, and the angle described by it is represented 
by m'h G = mhO, The radius of the wheel D has therefore 
described an angle represented by a C A, greater than that 
described by the radius of the wheel E. 

The angle aCA = maC-wAC; therefore the wheel D 
has " overtaken " the wheel E by the angle aOh, while E 
has " fallen behind " D by the same angle. 

If we take another point of contact as p, and join pa, p /», 
then aph represents the angle by which the wheel D has 
overtaken the wheel E, supposing the motion of D to be 
that indicated by the arrow. The angle aph ia less than 
aCh, which shows that the wheel D has now fallen behind 
E, and thus it continues to do until I and r come into 
contact; when this takes place, each wheel has described two 
right angles, and during this time D has overtaken and 
fallen behind E by the angle aCh^ And so on for each 
half revolution of the wheels, one of them alternately over- 
taking and falling behind the other. 

269. Logarithmic Spiral. — Equal logarithmic spirals are 
rolling curves; they are, however, unsuitable for complete 
wheels, but portions, as ^ or ^ c^ a revolution of such spirals, 
may be employed when a corresponding amount of rotation 
is required, or a number of similar sections may be employed 
to build up a complete wheel. 

A logarithmic spiral is a curve such that the tangent at 
any point makes a constant angle with the radius at that 
point; the radius being the line drawn from the point on 
the curve to the centre or pole of the curve. The carve 
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bever reaches its pole, because this constant angle never 
vftnisltes, and hence this spiral ia unsuitable for the pitch 
lines of vheels that are required to rotate continaously. 

Two similar and equal portions of logarithmic spirals may 
be employed to transmit circular motion, the conditions that 
most exist, as stated in Art. 266, being fulfilled; that is, 
supposing the. two spirals to be in gear, and D and £ to rotate 
about their axes in rolling contact from the initial poaition 
shown in the figure, a C and b C being the radii in contact, 
until the radius ap ia in the line of centres a b, with the 
radius bg; the arcs C^ and Cq must be equal; also ap and 
bq must coincide witji the line of centres; ap and bq in 
&ct forming the line ab. A portion of a logarithmic spiral 
may be employed to give motion to a sliding bar. 

270. In fig. 265 is shown a pair of equal and similar 
Ic^rithmic spirals D and E iu gear; they are centered at 
their poles, ttie projections of which are marked a and b. 




The point of contact C is in the line of centres ab. In the 
wheell> the semicircle 0.. .4.. ,8, which contains the spiral, 
is divided into 8 equal parts, so that the angles a 1, 1 a 2, 
2 a 3, etc., are equal. Then by the property of the logarithmic 
spiral, the radii af, ag, a h, etc., are in geometrical progression; 
that is. 
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Which gives an easy constractioii for finding points in the 
curve, as the following example wiU show:— Given the radii 
a o and a C, required the logarithmic spiral o. . .0. 

Find by the ordinary ccmstruction the mean proportion 
between a o and a G, which is marked in the figure ak, ak 
being at right angles to oaG; then find the mean proportion 
between a o and ak, bs ag, which bisects the angle oak, and 
80 on, any number of radii may be found and the curve 
drawn through the extremities of the radii 

The velocity-ratio varies from ^ to — , D being the driver, 

which is assumed as rotating in the direction indicated by the 
arrow. 

271. Lobed Wheels.— In fig. 266 is shown a pair oi lobed 
wheels D and E in gear, they are connected in their axes 
A and B, whose projections are a and & The wheel D, 
which is tiie driver, is an ellipse, a being one of its foci; E is 
a two-Iobed wheel, and & is its geometrical centre. The ellipse 
is called a one-lobed wheel when used as one of a set of lobed 
wheels, and it forms the foundation of the system, of which 
the rest, consisting of two or more lobes, is built up. The 
discovery of the properties of these wheels was made by the 
Itev. H. Holditch. Lobed wheels fulfil the conditions stated 
in Art. 266, page 223; thus, in fig. 266, we have the arc C/ 
= arc C g, and radii af+bg = ab^ the liiie of centres. 




Fig. 266. 
If D is the driver, and it rotates as indicated by the arroWi 
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the angular velocity-ratio s = — q for the position, shown in 

the figure, and it varies between that and ~j for each revolu- 
tion of the driver. In lobed wheels, the number of lobes of 
the two wheels in gear indicate the number of revolutions 
respectively of the shafts or tieir velocity-ratio. Thus, in the 
present case, the velocity-ratio of the shafts A and B, A being 
the driver, is f c: 2. If a pair of wheels of 4 and 6 lobes 
reflectively were in gear, then we should have the velocity- 
ratiog =1, and ao on, just the same as would be the case with 
a pair of wheels having the same number of teeth as there are 
lobes in the lobed wheels. The dotted circle /A £ is the path 
of the point /of the wheel I>; and the circlit Cmn that of 
the point C or m of the wheel E. The difiei-ence between the 
greatest and the least radii is called the inequality; in fig. 
266 this difierenoe is for the ellipse, the distance a I, whidi 
ia the distance between its foci, and for the bi-lobe E, C & - 
hg, which is equal to a JL All lobed wheels of the same in- 
equality will work together in rolling contact 




272. In fig. 267 is shown a construction for obtaining tha 
necessary radii for wheels of any number of lobes. As before 
stated, ^e ellipse forms the fonndation or base for these 
wheel& 

Let the ellipse D, of which only one-half is shown, be one 
of a set irf lobed wheels, of which we require, say, wheels of 
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2, 3, 4, and 5 lobes. Let a and I be the foci of the ellipse D, 
and Q its geometrical centre. From Q as a centre, describe 
a semicircle arl, with the semifocal distance or half inequality 
Q a as a radius, and through Q draw r Q « at right angles to 
a I, cutting the semicircle a r liar. From r draw a tangent 
to the circle parallel Q a. From Q as a centre with Q M, 
half the major axis of the ellipse D, as a radius^ describe an 
arc of a circle M m, cutting the tangent rtva m, and from m 
set off along rt^mn^no, etc., each .equal to r m. From Q, 
with radii Q ti, Q o, eta, describe arcs of circles cutting Q o 
in N 0, etc. Then Q n, Q 0, etc., are the semi-major axes of 
the ellipses, out of which are to be formed the 2, 3, etc., lobed 
wheels E, F, etc. Make Q M' Q N', Q O', etc., equal to Q M, 
Q N, Q O, etc., and complete the concentric semi-ellipses, 
whose major axes are N N', O O', etc., and common foci a, l\ 
see the ellipse in previous articles. 

Describe a semicircle from a as a centre with a radius 
great enough to contain the largest semi-ellipse; in the figure 
we have shown the ellipses for the two and three lobed wheels, 
divide this semicircle into any convenient number of equal 
arcs, and draw i*adii ; in the figure we have divided it into 
six parts, and numbered the radii 0...6. This number, 
however, must be increased when setting out the patterns, 
or even larger figures than those shown, so as to obtain more 
accurate curves. We will now proceed to draw a pair of 
wheels from fig. 267. 

273. Suppose we require a pair of lobed wheels £ and F, 
of two and three lobes respectively. Draw the centre line a a, 
fig. 268, and fix upon the point h, which is a projection of 
the axis B of the wheel £. From ^ as a centre, with a radius 
a N', fig. 267, describe a circle N'D v, N' and D being in the 
line of centres h c, and through h draw uhv 2Ai right angles 
to a a. Divide each of the quadrants, into which the Imes 
l^'DyUV divide the circle, into six equal arcs, and draw radii 
1 6, 2 &, ete. The radii h N', I D are each equal to a N' in fig. 
267; make &I, &II,...5yi, in the radii & 1, & 2,... & 6 equal 
to the radii a 1', a 2'... a N, fig. 267. Through these points 
draw the curve D VI N' D, which is the trace of the pitch 
surface of the bi-lobe £ ; the construction is shown for one- 
quarter only, but the remaining quarters are exactly similar. 
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For the tri-lobe F mark oS along the line of centres D a 
eqoal to a O, iig. 267, and bo detemune e, a projection of the 
axis C, upon which is centered the wheel F. Make e O' equal 
toaO', fig. 267, then e Band oO' are the least and greatest 
radii of the vhed F, From c as a centre, with radius e 0', 




Fig. 268. 
describe a drcle and divide it into six equal arcs, and draw 
radii cO', c O', cO, oO, making the two former equal to 
O', and the two latter to oD. Divide each of tiie six 
parts into which the circle is now divided into six equal arcs, 
and draw radii, as shown in the segment 0' 3 €. Make 1, 
Cn,...OVIin the radii C 1, C 2,.. .C 6, equal to a 1', a 2', 
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...aO, fig. 267. Through the points 0'...VI thus obtained 
draw the curve 0'...VI, which is one-sixth of the trauce of 
the pitch surface of the wheel F; the remaining five portions 
are exactly similar. If we draw lines from the foci a and I, 
fig. 267, to the points w, x, and y of the ellipse, these lines are 
the mean radii of those ellipses. The radii are shown in fig. 
268, also the extreme and intermediate radii 5 Z, & Z of E and 
C Z, C Z with the points of contact. 

Suppose E to be the driver, and to rotate in the direction 

indicated by the arrow, the angular velocity-ratio of ji = r^ 

which is its least value, D being the point of contact. The 
ratio increases until it reaches its greatest value, when 0' 
and N are in contact. 

The construction of the 4, 5, 6, etc., lobed wheels will be 
obvious from these two examples. The necessary semi- 
ellipse, fig. 267, must first be drawn, and then a semicircle 
described with the greatest radius of the ellipse as a radius, 
this circle being divided into any convenient number of 
equal parts. Then a circle of the same radius as this circle 
must be described, and its circumference divided into twice 
as many arcs as there are to be lobes in the wheel; and each 
of these arcs is to be divided into the same number of equal 
parts as the semi-ellipse is divided into. The rest of the 
construction follows immediately from the examples given. 



SECTION V. 

WHEELS IN PAIRS AND IN TRAINS. 

274. A train of wheel work is generally understood to 
mean a combination of wheels and axes in gear, and arranged 
for some specific object, as to vary the velocity-ratio between 
two shafts in such a way as could not be done conveniently 
by a simple pair of wheels, or wheel and pinion, or to vary 
the amount of power as it passes through the train. Of 
course^ where one condition is fulfilled, the other is frequently 
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the only one, either speed or power, that has to be considered. 
The simplest case of a train of wheels is where there are but 
two wheels and two axes; usually such an arrangement is not 
termed a train ; but, as similar ^culations are involved, we 
may consider this as one limit of the system known as a 
train of wheel work, and consider it in the first instance. In 
all cases we shall assume the wheels as circular; that is, 
wheels having right circular cylindera for their pitch sur- 
faces, the traces of which on a plane perpendicular to their 
axes are circles, called pitch circles, as spur wheels. If bevel 
wheels are needed, then no difSculty need present itself, <» a 
reference to the articles on bevel wheels will show. 

276. Wheels in Pairs. — Two wheels, or a wheel and 
pinion fixed on separate axes, constitute a pair of wheels; 
these wheels may be used to vary either the velocity-ratio of 
the connected axes, or the amount of power transmitted by 
them; we have just remarked that the two things go to- 
gether, but are not always to be considered, as ihere are 
cases where one of them may be left out of consideration. 
A pair of wheels may also be employed simply to connect 
two shafts, but when one shaft is required to turn in the 
opposite direction to the other, it is usual to employ two equal 
and similar wheels. 

276. In fig. 269 is shown two axes A 
and B connected by a pair of wheels; A 
is the driver, rotating in the direction 
indicated by the arrow. A a and B b are 
radii, which are equal to A C and B C 

respectively. The angular velocity-ratio 

A B C 

g-=-^-Q; in Art. 233, page 192, we have 

shown how this is connected with the 
number of teeth, etc. From what is 
stated in the articles referred to, certain 
problems that present themselves can 
easily be solved ; however, we will take 
an example or two of common occur- 
rence. Fig. 269. 

I. Suppose A, fig. 269, has 20 teeth, and makes 48 revolu- 
tions per minute; required the number of teeth in B for it to 
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make 15 revolutions in the same time. In Art. 233^ we 

n"r""V"E ^ ^ 

from which we obtain 

?4 •"-••<^> 

Substituting the given values of N, E, etc.^ and multiplying 

up, we have 

nc=NE 

20x4a ^, 

which is the number of teeth that B must have. The radii 
of the wheels, and hence the distance A B, depends upon the 
pitch, which, when determined, the other quantities are easily 
found by equation (3), Art 233; see also Art. 234. 

IL Suppose the velocity-ratio 3 = 3, and B has 60 teeth ; 

required the number of teeth in A From equation (1) we 
obtain V_ n ,« 

t;"N ^^ 

Substituting the given values and transposing, we have 

III. Suppose the radius of A is 10 inches, that of B 55 
inches, and A makes 40 revolutions per minute; required 
the number of revolutions of B in the same time. 

From equation (1) we have 

-M <^ 

Substituting the given values, we have 

10_ e 
55~46 

^=65=7'2'^ 

lY. Suppose A makes 22 revolutions per minute, and B 
106 ; required the least number of teeth in the wheels. 
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From equation (1) we have 

^=' (5) 

» E ' 

E~106 

If the numbers 22 and 106 are prime to each other, then 
these numbers are the least numbers of teeth of the wheels; 
but if they are not, divide each by the greatest common 
measure or greatest common divisor of the numbers, and the 
quotients will be the required numbers. 

The greatest common measure of two numbers is found as 
follows : — Let 22 and 106 be the numbers, divide the greater 
by the less until the remainder is less than the divisor, then 
divide the divisor by the remainder and obtain a quotient 
and a remainder ; repeat the operation until a remainder is 
obtained that will divide the previous divisor and leave no 
remainder. The remainder thus obtained is the required 
G.C.M.; if this remainder is unity, the two numbers are 
said to be prime to each other. 

Example. — 

Divisor, 22)106(4, Quotient 

Eemainder, 18)22(1, Quotient 

B., 4)18(4, Q. 
J6 

R, 2)4(2, Q. 

4 

Here 2 is the last remainder, and it is contained twice in 
the previous divisor, hence it is G.C.M. of the numbers 22 and 
106. If we divide the numerator and denominator of the 

fraction jq^ by their G.C.M. we obtain g^; therefore 11 and 

53 are the least numbers of teeth that can be used for the 
wheels B and A respectively. 

277. Hunting Cog. — In the example of the previous article, 
we have a pair of wheels A and B, of 53 and 11 teeth re- 
spectively; these numbers 53 and 11 are prime to each other, 
BO that if two particular teeth T and t^ one in each wheel, 
were in contact at a certain instant, these two teeth would not 
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come into contact again until A makes 11, or B makes 53 
revolutions. From this it is easy to see that 53x11 pairs 
of teeth must pass a given point, as C, before T and t come 
into contact again. 

If the numbers of teeth are not prime to each other, as 
64 and 16, then divide each by the G.C.M. and so obtain 
two numbers that are; the numbers of revolutions and the 
numbers of pairs of teeth can then be found as before. 

If instead of the numbers 53 and 11 we had, say, 64 and 
16, then as the smaller is a divisor of the larger, the two 
teeth T and t will come into contact oftener than if the 
numbers 64 and 16 were prime to each other. This frequency 
of contact is considered to be injurious to the wear of the 
teeth of wheels employed for mill and machine purposes, and 
it is avoided by adding one iooth, called the hunting cog, to 
the larger one, so as to obtain a pair the number of whose 
teeth are prime to each other, as 65 and 16. 

However, this addition of a tooth changes slightly the 
velocity-ratio, and in cases where that is inadmissible, as in 
the change wheels of a screw-cutting lathe, the hunting cog 
cannot be employed ; but in other cases it may, and is to a 
considerable extent. 

The idea of the use of the hunting cog is, that it enables 
the teeth to wear more evenly, as two particular teeth, if one 
is faulty, are brought into contact the least possible number 
of times in a pair of wheels that have to transmit a velocity- 
ratio approximating as near as possible to what that velocity- 
ratio would be if the hunting cog did not exist. 

278. Wheels in Trains. — ^A train of wheel work is repre- 
sented in ^g. 270; there are four axes A^, Ag, A3, A^. 
On the first axis A^ there is a pinion, which is the driver 
of Nj teeth, gearing into a wheel on the axis A^oi ti^ teeth; 
on this axis is a pinion of Ng teeth, gearing into a wheel on 
the axis A3 of rig teeth; and on this shaft is a pinion of 
N3 teeth, gearing into a wheel on the axis A^ of n^ teeth. 
We have thus four axes and three pairs of wheels and pin- 
ions ; the first and last axis carrying only a pinion and a 
wheel respectively, while the second and third each carry a 
wheel and pinion. It is clear that the velocity-ratio of the 
axes Aj and A2 would be the same whether the axes A3 
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and A^ existed or not, supposing a given motion be given 
the driver A^; and, further, it is clear that the velocity-ratio 

ML 

^ depends upon the numbers of the teeth Ng and ^2 
and the motion given to A^ ; and, finally, the velocity-ratio 
•^ depends upon N3 and 913 and the motion given to A3. 




Fig. 270. 
We have simply a combination of three pairs of wheels, and 

the velocity-ratio -^ is found by multiplying together the 

teeth in the driver for a numerator and those in the followers 
for a denominator, thus — 

Velocity-«tio, ^=^i2L^^ 

Example.— Let N^ = 20, N2 = 15, N3 = 18 : Wi = 60, n^ = 45, 
W3 = 72, then 8 8 4 

Velocity-ratio, _i=,^_^_ =_=36; 

that is, Aj makes 36 revolutions to 1 of A^. It is obvious 
that if we take the pairs separately we shall get the same 
result. Thus — 

Velocity.ratio, ^=|.;=§=3. 

Aa"N,-15-^" 

A3_n3_72_ 

ArNj-iS-*- 

^^=3x3x4=36. 
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It is also clear that the order in which the pairs of wheels 
occur in the train does not effect the result; thus we may in- 
terchange, supposing the pitches of the teeth were the same, 
the axes Ag and A3, and still maintain the same velocity-ratio 

^^^ a; 

Grenerally — Let there be m pairs of wheels, with teeth 
Nj, No,...N^, and Wj, n^^-.n^; and therefore there are m+ 1 
axes, Aj, A2,...A„^.i, as there is always one axis more than 
there are pairs of wheels. Thus we have the velocity-ratio 

Ai _ nj X rijX ...Wm 

Am+l ""N^xNjX ...Nm' 

Example,— Jjet w = 5 ; N^ = 10, Ng = 1 2, N3 = 15, N^ = 12, 
N5 = 10; 7*1 = 24, W2 = 30, 7*3 = 40, n^ = 36, n = 25. Then 
velocity-ratio, 

2 2 4 3 

A^ 24.x SQx 40 X §6x25 1200 
A5""iO^xl2.xl5^xI2.xl0"" 10 ~ 

There are six axes and five pairs of wheels, and the sixth 
axis makes 120 revolutions to one of the first. If the num- 
ber of the axes be odd, then the last one turns round in the 
same direction as the first ; and if the number be even, the 
first and last turn in opposite directions. 



CHAPTER VII. 

ON THE TEETH OF WHEELS. 

Spur and Bevel Wheels : the Forms of their Teeth — Examples 
in Drawing — The Odontograph. 

279. It is now proposed to consider the teeth of wheels, 
the various forms given to them, the methods of drawing 
them, and their strength. 

We have already stated the object for which teeth are 
employed, and also pointed out that the object to be kept in 
view, when designing teeth, is to maintain as nearly as pos- 
sible the perfect rolling of the pitch surfaces. Of course 
these pitch surfaces have no real existence, but it is con- 
venient to assume that they have; and upon this assumption 
all our calculations respecting i^e transmission of motion 
with a certain fixed velocity-ratio will depend. As this per- 
fect rolling motion of the ideal pitch surfaces of a pair of 
wheels in gear has to be produced by the sliding motion of 
the teeth, it will at once be seen that their form is of con- 
siderable importance, for upon the correctness depends how 
near we approach to this true rolling motion. 

280. The form of the teeth depends upon the kind of 
motion communicated by the pieces in gear, as for instance 
for two rotating wheels, or for a rotating wheel and sliding 
rack, and also upon the kind of curve employed to describe 
the teeth. We shall consider the cases mentioned, and take 
such examples as will explain the kinds of curves given to 
the teeth for ordinary purposes, as the limits of this work 
will not permit of an investigation into all the cases. 

The curves which form the acting surfaces of the teeth of 
wheels are the cycloidal curves^ and the involutes of circles. 
In previous articles we have defined these curves, and have 
shown how each can be drawn. Let the student again refer 
to Plate III. for a few moments and the remarks thereon. 
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SECTION I. 



CYCLOIDAL FORMS OP TEETH. 



281. There are three cases of the cycloidal form of teeth; 
we shall consider the two commonest. The first is that in 
which there are two describing circles for every pair of 
wheels which are to gear together; and the second is that of 
a constant describing circle for all the wheels c^ the same 
pitch. 

282. Case I. — Let A and £, fig. 271, be the centres of a 

pair of wheels in gear, p C, pC 
their pitch circles, A B the line of 
centres^ the point of contact of 
the pitch circles, and A a C, B 5 C 
the describing circles. Let the 
circle A a C describe the epicycloid 
C c, and the hypocycloid C d; and 
let the circle B60 describe the 
epicycloid C e, and the hypocycloid 
C/. The diametera of the circles 
AaC, B5C being equal to the 
radii of the pitch circles of A and 
B respectively, the hypocycloids 
are straight Imes, and are portions 
of the diameters of AaC and BiC. 
Now it can be proved that if the 
teeth have these carves for their 

Fig. 271. acting surfaces, or surfaces of con- 

tact, and one wheel is made to rotate and thus drive the 
other by the sliding contact of their teeth, the angular 
velocity-ratio of the axes A and B is the same as if the two 
pitch circles rolled together as smooth wheels without sliding. 
If B. and r be the respective radii of A and B, then we have 

V r 
the velocity-ratio "^ = g* 

Let R = 2, r = 3, then the velocity-ratio = f , and what we 
state is, that this velocity-ratio of the axes A and B is main- 
tained by the sliding action of the teeth, which are shaped 
as described. We shall consider A to be the driver, but 
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B may be the driver if the teeth are formed in the manner 
described, except in certain extreme cases of velocity-ratio. 

283. If the wheels rotate as shown by the arrows, and A 
is the driver, the contact between each pair of teeth takes 
place along the arcs aC, Cb; the contact that takes place 
along aCb, before the teeth pass the line of centres A £, is 
called approaching contact^ and that which takes place after 
passing A £, receding contact. The extent of action of a pair 
of teeth both before and after they pass the line of centres, 
depends upon the lengths of their faces, which, as we have 
already stated, are fixed for each pitch; but these may be 
varied, if circumstances require, so as to give any desired 
extent of path of contact. The flanks being made sufficiently 
long to allow the faces to work with freedom. 



/ 



/ 




Kg. 272. 

284. The path or locus of contact is the line along which 
contact between a pair of teeth takes place. In fig. 272 this 
line consists of the arcs mC,Chof the describing circles. 
2 ^ 
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If A is the driver, and the wheels rotate as shown by the 
arrows, contact begins at m on the semicircle A a 0, and 
continues along that arc to C ; at the instant the teeth cross 
the line of centres A B, the direction of action is along the 
common tangent T T, which is at right angles to A B; the 
direction of the path then changes into the arc C A of the 
semicircle 5 B, and finally ends at h. 

Through m and h draw the lines C D, C E respectively, 
normals to the surfaces of the teeth in contact at m and h; 
then the angle D C T is the greatest angle of obliquity during 
approaching contact, and EOT that during receding contact. 
In the figure these angles are imequal, the reason for which 
wiU be given presently. 

285. The arc of contact is the arc of the pitch civcle which 
passes the point C in the line of centres A B, fig. 272, during 
the contact of a pair of teeth. This arc is divided into 
approaching and receding contact. In fig. 272, IC is the 
arc of approaching contact, and C h that of receding contact, 
assuming the wheel A to be the driver, and to rotate as shown 
by the arrow. To transmit the motion of A to B, it is neces- 
sary that at least one pak* of teeth shall always be in con- 
tact, and, therefore, the length of the arc of contact must be 
greater than the pitch; and if practicable, it should be long 
enough to aUow of two pairs of teeth to be always in contact. 

The action that takes place between a pair of teeth after 
passing the line of centres, is considered to be of a less 
injurious character than that whidi takes place before pass- 
ing that line. 

In fig. 272 is shown a portion of a pair of spur wheels in 
gear, the teeth of which are formed as just described. Let 
A, as before, be the driver, and let the arcs of approaching and 
receding contact each equal the pitch. Make the arc C^ on the 
pitch circle jo C of A equal the pitch; through I draw the hypo- 
cycloid I A, meeting the semicircle AaO iam; and through 
m draw the epicycloid m n. Then m is the point in which 
the two teeth P and Q come into contact; m n is the length 
of the face of the follower's tooth; and m I that of the driver's 
flank, which are used during approaching contact. 

Make the arc C ^ on the pitch circle of pC ofB equal the 
pitch; through g draw the hypocycloid ^B^ meeting the 



CTOLOIDAL FORMS OF TEETH. 243 

semicircle C & B in A; and through g draw the epicycloid g h 
Then h is the point in which the two teeth K and S cease 
contact; A A; is the length of the face of the driver's tooth; 
and g h that of the follower's flank which are used during 
receding action. A nif Ah are the respective lengths of the 
radii of the driver at beginning and end of contact, and B m, 
B h those of the follower. 

It will be seen that only portions of the flanks are used, 
while the whole of the faces come into contact, and these por- 
tions of the flanks are much smaller than the faces. And 
further, the length of the face of the follower is greater than 
that of the driver for equal arcs of approach and recess, and 
this is because the driver is the smaller wheel of the two, to 
which point we now refer. 

Let B be the driver, and let the arcs of contact be the 
same as before; then ^ C is the arc of approach, and C I that 
of recess, assuming the wheels to rotate in the directions 
opposite to those shown by the arrows. Through m and h 
draw the normals C D, C E, and through C draw the common 
tangent T T. Now it can be proved that the arcs CI, Cm, 
C w, C g, Ch,Ck are all equal; and therefore, as the circle 
B 6 C is greater than the circle A a C, it follows the angle 
D C T is greater than the angle EOT; therefore the face of 
the tooth of B is longer than that of A. 

If therefore the faces of the teeth of the driver and fol- 
lower are made equal in length, which is usually the case, it 
follows that, for a given pair of wheels, if the smaller is the 
driver, the arc of receding contact is greater than if the larger 
is the driver; and hence a smaller wheel can be employed to 
drive than to follow. 

Professor Willis has calcxdated and arranged in a table the. 
limiting numbers of teeth which can be employed in a pair 
of wheels having a given arc of receding action, am)rding a« 
the smaller or the larger is the driver. From this table we 
give the following example referring to spur wheels : — Let the 
arc of receding action equal the pitch, and let there be 12 teeth 
in the pinion; if the wheel drives, then 30 is the least number 
of teeth it can have, but if the pinion drives, a wheel of 19 
teeth may be employed. It must, however, be noticed, that 
these values assume the tooth and space each equal half the 
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pitch, SO that in practice a greater number of teeth most he 
taken in eveiy case. 

286. The curves for the teeth of internal or annular wheels 
are given in Table XV.; the setting out of those curves is 
similar to the case of spur wheels already considered. We 
therefore refer the student to that case and the examples 
that follow. In the example named, the teeth are formed as 
in Case II., but it will be easy to apply the example to Case I. 

The curves for the teeth of racks and pinions are also given 
in the table, and in a succeeding paragraph an example is 
worked out. 

287. The following table gives a summary of the kinds of 
curves used for Cases I. and II. 

TABLE XV. 
Curves for the Teeth of Wheels. 



I. Diameter of describing circle equal to the radius of the pitch 
circle; for a pair of wheels there are two describing circles, which 
are equal to the radii of the pitch circles. 



Kind. 



a. External wheels, 

b. Pinion and 
Internal wheel, 

c. Rack 

and 
Pinion, 



Top of Tooth 



Epicycloid, 

Epicycloid, 

Hypocycloid, 

Cycloid, diameter of, 
describipg circle 
e^ual to radius of 
pitch circle of 
pinion. 

Involute of pitch 
circle. 



Bottom of Tooth. 



Hypocycloid. 

Hypocycloid. 

Epicrycloid. 

Straight line perpen- 
dicular to pitch 
line. 



Hypocycloid. 



II. Describing circle constant for each pitch, and equal to the 
radius of the piteh circle of a pinion of 12 teeth. 



Kind. 



a. External wheels, 

b. Pinion and 
Internal wheel, 

c. Hack and 
Pinion, 



Top of Tooth. 



Epicycloid, 

Epicycloid, 

Hypocycloid, 

Cycloid, 

Epicycloid, 



Bottom of Tooth. 



Hypocycloid. 
Hypocycloid. 
Epicycloid. 
Cycloid, 
ypocydoid. 
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288. Case II.— Let A and B, ^g. 273, be the centres of 
a pair of wheels in gear, pC, pC their pitch circles, A B the 
line of centres, C the point of contact of the pitch circles, 
and D a C, E & C the describing circles, which are equal in 
diameter. Let the circle D aC describe the epicycloid C c, 
and the hypocycloid C d ; and let the circle E 6 C describe 
the epicycloid C e and the hypocycloid C/, 

Then it can be proved that 
these curves will sb'de together 
and maintain the same angular 
velocity-ratio of the axes A and 
B, as if the two pitch circles rolled 
together. Therefore if the teeth 
are formed with such curves for 
their acting surfaces, the constant 
angular velocity-ratio ol the axes 
A and B can be maintained by the 
sliding motion of those teeth. And 
further, if in place of A or B we 
substitute a wheel of a different 
diameter to either A or B^ and 
form the teeth of such other wheel 
by the constant describing circle 
D a C or E 6 C, then the two 
wheels in contact will work cor- 
rectly together, and maintain the same angular velocity- 
ratio as if their pitch circles rolled together. The only limit 
to the correct working of such wheels is that they must be 
all of the same pitch. In practice it is found that the 
diameter of the rolling circle should not be greater than the 
radius of the pitch circle of a pinion of 12 teeth, and in 
that case such a pinion would have radial flanks; and it 
must not be greater than the radius of the smallest wheel 
in the set. 

The rule is to make the diameter of the constant rolling 
circle equal to the radius of the pitch circle of a pinion of 
12 teeth; and of course the diameter of the rollmg circle 
varies for each pitch. 

The credit of having first shown this property of a constant 
describing circle for all wheels of the same pitch belongs to 




Fig. 273. 
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Professor Willis. As in Case I., either A or B may drive, 
but if the smaller drives and the arcs of approach and recess 
are to be equal, then the feu^es of the teeth of the smaller 
must be longer than those of the follower ; we will take an 
example which will show this. 

289. In fig. 274 is shown a portion of a pair of spur wheels 
in gear, the teeth of which are described as stated in the 
previous article. 

I A. 



i 




I 

I 
I 

I 

I 

I 

I 

k ■ 

Fig. 274. 

Let A be the driver, which rotates as shown by the arrow, 
and let the arcs of approaching and receding contact each equal 
f the pitch. Draw the describing circles amC, bhC, each 
equal in diameter to the radius of the pitch circle of a pinion 
of 1 2 teeth of the same pitch as A and B. Make the arc 
CI OIL A's pitch circle p C equal f the pitch; through I draw 
the hypocycloid Id^ meeting the circle amC in m; and 
through m draw the epicycloid m n. Then m is the point 
in which the two teeth P and Q come into contact; ^m is the 
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length of the flank of the driver; and m n that of the face of 
the follower which are used during approaching contact. 

Make the arc C ^^ on B*s pitch circle p C equal f the pitch; 
through g draw the hypocycloid gf^ meeting the circle hhO 
in h'y and through k draw the epicycloid h k. Then h is the 
point in which the teeth K and S cease contact; hkia the 
length of the face of the driver; and g h that of the flank of 
the follower which are used during receding contact. 

If B is the driver, and if it rotates in the direction opposite 
to that indicated by the arrow, then ^^ C is the arc of approach, 
and C I that of recess (see flg. 275). It can be proved that the 
arcs C g,Gh,Ck,ClyCm,Cn, are all equal; and as the circles 
amCybhC are equal in diameter, the line I) E drawn through 
the points of contox;t km of the teeth, is a common normal to 
the surfaces of the teeth at h and m. Therefore the perpendi- 
culars from h and m upon the common tangent to the pitch cir- 
cles at C are equal; but as the pitch circle of A is smaller in 
diameter than that of B, the face hko£ the tooth It is longer 
than the face mn of the tooth Q. It therefore follows that 
for equal arcs of recess, the faces of the teeth of the smaller 




Fig. 275. 

wheel must be longer than those of the larger. Hence, if 
the faces of the teeth of the driver and follower aro of equal 
length, which is usually the case, a larger wheel may be 
employed to drive than to follow. Tliis is the reverae of 
what we have stated for Case L, where a smaller wheel may 
drive than follow. 
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290. In fig. 275 are shown the spur wheels of fig. 274, 
drawn to double the scale; the usual proportions of the teeth 
are employed, which make a difierence in the lengths of the arcs 
of contact, that on the right of the centre line being the greater. 

If the smaller wheel A is the driver, and if it rotates in 
the direction shown by the arrow, C ^ is the arc of receding 
contact, and 1 that of approaching contact ; the arc ^ C is 
greater than the arc Cg. If the larger wheel B is the driver, 
and if it rotates in the direction shown by the arrow, then 
Z C is the arc of recess and g that of approach; therefore, 
if the larger wheel drives, tiie arc of recess is greater than 
when the smaller is the driver. 

291. The curves for the teeth of internal or annular wheels, 
and of racks and pinions, are given in Table XY., page 244. 
In Art. 308, page 263, is given an example of a pinion and 
an internal wheel in gear. The teeth of bevel wheels may be 
formed by either Case I. or II.; in Art. 310, page 264, is 
given an example of a pair of bevel wheels in gear, the teeth 
of which are described according to Case I. 

292. The following properties are possessed by wheels 
whose teeth are described according to Cases I. and II. : — 

Case I. — If in a pair of wheels which have the faces of 
their teeth of the same size, the smaller is the driver, then 
the arc of receding contact is greater than in Case II.; but 
vice versd if the larger is the driver. If the patterns of the 
wheels have to be made by hand, then there is less work in 
forming the teeth ; but as this rarely happens at the present 
time, owing to the introduction of wheel-cutting engines and 
of wheel-moulding machines, we may almost pass it over. 
The great disadvantages are, that no two wheels of the same 
pitch will work together correctly, except they are pairs ; 
that is to say, suppose a pair of wheels of 20 and 50 teeth, 
and a pair of 30 and 70 teeth are made, then the 20 and 50 
and the 30 and 70 will work together correctly, but not the 
30 and 50 or the 20 and 70; this is a very important matter, 
as a question of economy in pattern-making. Again, the 
flanks of the teeth being radii of the pitch circle, the portions 
of the teeth inside the pitch circle are narrower than those 
on the pitch circle; the teeth are therefore not so strong as 
those of Case II. 
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If in the case of I'acks and pinions the pinion is the driver, 
the axe of recess of the rack is a straight line, and therefore 
the action is confined to the point of the tooth represented 
hy the pitch line, as 0, fig. 3, Plate XII., instead of being 
distributed over a portion of the fiank. 

Case IL — Any two wheels of the Bftme pitch will work 
together correctly, which is a very important matter not only 
as regards pattern-mating but also in conetruction, as a wheel 
may have to gear with two others of different diameters. 
The teeth ore wider inside the pitch circle than those formed 
by Case I., and are therefore stronger. 

As the flanks of the teeth of racl3 are cycloids, the receding 
contact, if the pinion is the driver, is not confined to the point 
<tf the tooth in the pitch line, but is distributed over a portion 
of the flank. 




Fig. 27G. 
298. In fig. 276 is shown a pinion of 1 2 teeth in gear, with 
a larger wheel; the diameter of the describing circle is 
therefore equal to the radius of the pitch circle of the pinion. 
If the arcs of approach and recess are each equal to the 
pitch, the greatest ajigle of obliquity of approach or recess 
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is 30^ j the line F F bisects the angle DOT; and tlie angle 
FCT, which contains 15°, is therefore the mean angle of 
obliquity. Professor Willis states, as the results of prac- 
tical experience, that the mean angle of obliquity should 
not exceed 15°; a good value is between 14° and 15°; there- 
fore, if the arcs of approach and recess are each equal to the 
pitch, the diameter of the describing circle must not be 
greater than the radius of the pitch circle of a pinion of 12 
teeth, as shown in fig. 276; this pinion should be the smallest 
wheel in the set 

If we give the usual length of face to the teeth in the case 
considered, the arcs of approach and recess are less than the 
pitch, and therefore the greatest angles of obliquity are less 
than 30°. In fig. 276 the teeth are shown according to the 
proportions already given. In the following article we give 
the values of the greatest angles of obliquity of action in 
certain extreme cases. 

294. In practice it is usual to use a constant length of 
face for the teeth of wheels ; it is therefore important to 
notice the value of the greatest angle of obliquity of action 
in each of the extreme cases which occur. With this object 
we have arranged the following table, which gives the values 
of the greatest angles of approach and recess for the two cases 
of cycloidal teeth considered. The extreme cases which occur 
are, for ordinary external spur gearing, when two equal 
wheels are in gear, the wheels being the smallest in the set, 
say of 12 teeth; and when a pinion, say of 12 teeth, and a 
rack are in gear. All other cases will lie between these. 

The constant length of face varies with different makers, 
as we have already stated; the most commonly employed 
are the following, where p stands for the pitch : — 

p X '33, p X -35, and pxj^^px '36. 

It will be obvious that the angle of obliquity of action 
depends upon the length of face employed ; in the present 
case we have taken it equal to p x '33. 

It will be seen that the following table agrees with the 
statement previously made, that for Case I. a smaller wheel 
may be employed to drive than to follow; for in the extreme 
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case of a pair of wheels, where the pitch circle of the larger 
becomes a straight line, as in a rack, the greatest angle of 
obliquity of recess is nil ; in fact, in the case of a pinion of 
12 teeth, 3 inches pitch, driving a rack, the path of -recess is 
a little over 3 J inches ; whereas, if the rack drives, the path 
of recess is less than 2| inches. If in Case II., taking the 
same rack and pinion, the pinion drives, the path of recess 
is nearly 2^ inches ; while, if the rack drives, it is nearly 2 J 
inches ; all of which goes to prove that a larger wheel may 
be employed to drive than to follow. 

TABLE XVI. 
Angles of Obliquity of Action of Teeth. 



CjcloidaL 


Greatest 

Ang]e of 

Approach. 


Angle at 

line of 

Centres. 


Greatest 

Angle of 

Beceas. 


Length of 

Path of 

Recess for 

8" Pitch. 


Case I. 

Equal Wheels of 12 Teeth, 

Back and J Pinion Drives, 

Pinion, 1 Hack Drives, 


2V 

26'* 

O*' 


0' 
0' 

o** 


2r 

0' 
26* 


2-16" 

3-5" 

2-5" 


Case II. 

Equal Wheels of 12 Teeth, 

Rack and ( Pinion Drives, 

Pinion, ( Hack Drives, 


2V 
25*' 
2V 


0' 

o** 

0' 


2V 
2V 
25*' 


216" 
2 16" 
2-6" 


Involute teeth have a constant angle of obliquity of action. 



SECTION n. 

INVOLUTE FORM OF TEETH. 

295. The cycloidal form of tooth is the one generally em- 
ployed, but in some cases the involute form may be employed 
with advantage, as it possesses properties which are possessed 
by neither of the cycloidal forms considered. "We '^inll there- 
fore state briefly what these properties are. 

We have previously defined the involute of a circle (see 
Plate III. and text), and have shown how to draw it. 
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296. Let A and B, fig. 277, be the centres of a pair of 
wheels in gear, pC, pG their pitch circles, A B the line of 

centres, and C in A B the 
point of contact of the pitch 
circles. Through G draw 
D E inclined at any angle 
to AB; from A and B 
draw perpendiculars, A D, 
BE, upon D E ; from A and 
B as centres, with radius 
A D, B E respectively, de- 
scribe circles DHR, ELS; 
the line D E is a common 
tangent to these circles. 
Draw the involutes H C K, 
LCM of the circles DHR, 
ELS, and let them be in 
contact at C. 

Let the wheel whose 
centre is A rotate in the 
direction shown by the ar- 
row, and drive the wheel 
B by the sliding contact of 
Fig. 277. the involutes HCK, LCM. 

Then it can be proved that the wheels will rotate with the 
same angular velocity-ratio as if the pitch circles rolled 
together. 

The line D E, which is a common normal at C to the 
involutes, is the path or locus of contact of these involutes ; 
that is to say, every point of contact of the involutes lies in 
that line. 

The angle this line makes with T T, which is at right 
angles to A B, is the angle of obliquity. The inclination 
of the line D E may be varied at pleasure, and thus we may 
vary the diameters of the base circles DHR, ELS;as such 
alterations of D E will not alter the velocity-ratio, for the 
two triangles ADC, B E C are similar; therefore A D : B E 
: : A C : B C, also C D : C E : : A C : B C. But, as before 
stated, the angle DCT should be between 14° and 15°. 
This constant angle of obliquity of action is considered to bQ 
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injurious on account of the extra sti-ain thrown upon the 
bearings of the wheels, and also on account of the increase of 
friction between the teeth in contact. In the cases of cycloidal 
teeth previously considered, we have seen that the angle of 
obliquity is greatest at the commencement and the end of 
contact, and that at the instant the teeth pass the line 
of centres it is nought ; therefore the cycloidal form of tooth 
has this advantage over the involute form. But the involute 
form possesses the important property that the distance of 
the centres of a pair of wheels may be varied without 
destroying their correct working or their angular velocity- 
ratio ; the only limit to this variation of centres being that 
the wheels remain in gear. 

Also, as pointed out by Professor Willis, the amount of 
hcLck-lash between the teeth may be varied at will. These 
two properties are important ones, and are not possessed by 
teeth of any other form. 

All involute teeth of the same pitch work correctly to- 
gether ; they therefore possess the same property as those of 
Case n. of the cycloidal form. 

It will be seen that the acting surfaces of involute teeth 
consist of single cui*ves, which spread out at the root; 
whereas, in the cycloidal teeth, there are two curves, one for 
the face and one for the flank ; the involute form is there- 
fore a very strong form. 

297. In fig. 1, Plate XI., is shown parts of a pair of spur 
wheels in gear, whose teeth are involutes of circles, as 
described in the previous article. The wheel, whose centre 
is A, is the driver; there are 25 teeth in A and 38 in B; the 
pitch measured on the arc of the pitch circle is 1| in. The 
angle of obliquity F C T is 15°. The usual proportions of the 
faces and flaiiks of the teeth are employed. Later on we 
shall give a general construction for determining these for a 
given length of contact 

Having calculated the diameters of the pitch circles by the 
usual formula, 

D=?xN 
draw the line of centres (Plate XI.) A B, the pitch circles 
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pCypCy the line T T at right angles to A. B, and the line 
F F inclined to T T at 16°. 

From A and B let fall perpendiculars A D, B E upon the 
line F F; from A and B as centres, with radius AD, BE 
respectively, describe the base circles H D R, ELS; these 
base circles are the evohUea of the involtUea to be drawn. 
Draw circles for the faces and flanks of the teeth; let the 
circle for the faces of A cut the line F F in A, and that for 
the faces of B cut F F in c. Then o A is the path or locus 
of contact, which, in the example, gives an arc of contact a 
little greater than twice the pitch, so that the two pairs of 
teeth are always in contact. 

In order that two pairs of teeth may always be in contact, 
the path or locus of contact, which is the common normal to 
the surfaces of the teeth at the point of contact, must not be 
less than twice the normal pitch. The normal pitch is the 
pitch as measured along the path of contact, and is found as 
follows: — In flg. 3, the lines AB, TT, etc., are situated 
similarly to the corresponding lines in ^g, 3. Make C a in 
T T equal to the circular pitch, that is, the pitch as measured 
along the arc of the pitch circle, in the example it is 1^ inches; 
from a draw ab &t right angles to and meeting OF in 5; 
then C 6 is the normal pitch. As the triangle abC ia similar 
to the triangle C D A, fig, 1, we have C6:Ca::AD:AC; 
that is, the normal pitch : the circular pitch : : radius of base 
circle : radius of pitch circle. 

From any convenient points H, L, fig. 1, on the base circles, 
describe the involutes H K, L M. A portion of the involute 
H K is to be used for the acting surfaces of the teeth of A, 
and a portion of the involute L M for those of B. From C 
mark off", along the pitch circles, the pitch Gl, Gg, Ck, Cn, 
etc. Having determined the length of the path of contact 
chy &g, 1, in the example it is determined by giving the 
usual length to the faces of the teeth, describe circles, H c B, 
O A N; from A and B as centres, with radius A c, B A respec- 
tively (A c nearly coincides with A D, and therefore the circle 
H D R with the circle H c R; they are shown as one circle 
in the figure). Then the circle H c R, O A N will cut the 
flanks of the teeth in the points where contact begins and 
ends, or ends and begins, according as one or the other wheel 
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drives. Through the points C, I, g, k, n, etc., draw the invo- 
lutes for the teeth, meeting the circles GAP, QcJJ in. h, m 
respectively. 

If A is the driver, and if it rotates as shown by the arrow, 
then c is the point where contact begins, and h is the point 
where it ends. The points c and m are upon the same circle, 
therefore mnia the length of the face of B, and m I that of 
the flank of A, which are used during approaching contact. 
The point h coincides with the point of intersection of G A P 
and F F, and is the point where contact ends; therefore h k 
is the length of the face of A, and g h that of the flank of B, 
which are used during receding contact The portions of the 
flanks inside the circles 'H.m'Ky O A N ^Te straight lines, tan- 
gents to the involutes at m and A. As m is nearly on the 
base circle H D S>, the portions md o£ the flanks of A may 
be considered as radial lines (A and B are here one tooth of 
wheel A and B). 

298. To draw the portions A/ of the flanks of B, draw A/ 
parallel to E B, then A/ is the required line, which is a tan- 
gent to the involute at A, In the right-hand portion of fig. 
1 is shown a construction for drawing the required tangents. 
From B as a centre with a radius B A, cut the involute L M 
in A'; make A' E' equal to A E^ E' being on the base circle; 
join B E'. Then A' E' B is a right angle, and A' E' is a tan- 
gent to the base circle; draw h'/' parallel to E' B, then A'/' 
is a tangent at A' to the involute, h' E' being the normaL As 
a number of such tangents are required, describe a circle 
from B as a centre with radius B/'; then lines drawn from 
the points of each side of the teeth in the circle O A N to 
toudi this circle will be the required tangents, as A/. It must 
be observed that the tangents drawn for each tooth do not 
cross each other. 

299. General Case. — Given the pitch circles, the angle of 
obliquity, and the lengthx)f the path of contact of a pair of spur 
wheels, to draw the teeth. Let the pitch circles be those of 
a pair of wheels of 40 and 30 teeth, of 1 inch pitch, with the 
angle of obliquity 15^, and having the length of path of con- 
tact equal twice the normal pitch, half on each side of the 
line of centres. 

Fig. 2, Plate XL — Draw the line of centres AB, the 
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pitch circle pC, pC (the centre of B is not shown, as it falls 
outside the sheet), the line T T at right angles to A B, and 
the line FF inclined to TT at IS"*. Let A be the driver, 
and let it rotate in the direction shown by the arrow. 

From A and B draw perpendiculars, AD, BE, upon the 
line FF; from A and B as centres, with radius AD, BE 
respectively, describe the base circles H D R, E S L. Mark 
off from C along D E, C A and C m each equal to the normal 
pitch, see fig. 3, where C 6 is the normal pitch, C a the cir- 
cular pitch ( = 1 inch in the present case), and where a 6 is 
at right angles to Gb, 

From A as a centre, with radius A h, describe the circle 
GAP; and from B describe the circle Q m U, with radius Bm; 
then these circles contain the extremities of the faces of the 
wheels A and B respectively. Through h and m draw the 
involutes hgOy mlq meeting the circles GAP, Q m U in 5^, o. 
Then hgo and mlq are the portions of the involutes used for 
the teeth of the follower and driver respectively; the portions 
outside the pitch circle are the faces, and those inside are 
portions of the flanks. 

From A and B as centres, with radius A m, B A respec- 
tive? v, describe the circles Mwr, AcN; these circles will 
cut tne flanks in the points where contact begins and ends. 
The remaining portions of the flanks are tangents to the invo- 
lutes at the points where the circles M m r and A e N cut the 
curves, as at m and h', md and hf being poiiiions of these 
tangents. The tangents are drawn as described in Art. 298, 
p. 256. The extreme radii of the wheel A are A in at com- 
mencement, and A A at end of contact; those of the wheel B 
are B m and B h respectively. 

The teeth of each wheel are usually made of an equal thick- 
ness on the pitch circle, but this thickness may be varied in 
extreme cases so as to give teeth of equal strength. It will 
be obvious that if the teeth are of equal thickness on the 
pitch circles, those of the smaller wheel of a pair will be 
narrower at the root than those of the larger. We have 
already shown that the portions md of the flanks are radial 
lines in the case of the smaller wheel of the set 

SOO. The normal pitch C m : the circular pitch Cn :: 
AD : AC^ therefore as the triangles ADC, fig. 1 and abG, 
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fig. 3, are similar, and Ca, Cb equal the circular and normal 
pitches respectively, we have 

G&=C ax cosine 
(where denotes the angle C A D = angle aCb,) 

Let = 15®, and C a = 1 inch, then 

C 6 = 1 X -966 nearly (cos. 16' = '96593. ) 

If m coincides with D, then the base circle coincides with 
the circle M m r, and the radius A' m, which is drawn parallel 
to A D, is the least radius of base circle which can be employed 
for a given length of approaching contact, Cm, A'm being 
the radius of the pitch circle. 

This determines the least number of teeth which can be 
employed in any wheel for a given half path of contact C m. 

Let denote the angle A C D ( = 90® - angle of obliquity), 
N the number of teeth in the smallest wheel of a set, and n 
the half path of contact Cm, n being expressed in terms of 
the normal pitch as a imit. Then 

N = 2t X tangent^ x n (1) 

If C m equals the normal pitch, this equation becomes 

N = 2t X tan. p x 1 (2) 

Let = 75®, and C m = the normal pitch, then 

N = 2 T X 3-732 X 1 
= 23*45 nearly = say 24, 

which is the first whole number above the obtained value ; 
that is, 24 is the smallest number of teeth which can be 
employed in a wheel which is to have arcs of approaching 
and receding contact each equal to the pitch. 

By increasing the angle of obliquity, and by decreasing the 
length of path of contact, the number of teeth in the smallest 
wheel of a set may be considerably decreased. 

For example: Let = 70°, and the half path of contact 
C m = f the normal pitch, then 

N = 2 T X tan. ^ x n 
= 2 T X 2*747 X "75 
= 12-94 nearly=say 13. 

SOI. The amount of clearance and back-lash need not be 
so great as shown in the figure ; both of these may be varied 
by varying the distance between the centres. 

2 B. 
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For equal arcs of approach and recess the faces of the teeth 
of the smaller wheel must be longer than those of the larger; 
therefore, if the lengths of the faces of the teeth are to be 
equal, a larger wheel may be employed to drive than to fol- 
low ; this is a result similar to Case IL of the cycloidal form 
of tooth. 

302. In fig. 278 is shown a rack and pinion in gear ; the 
pinion has 13 teeth of 1 inch pitch, and the angle of obliquity 
is 20°. The acting surfaces of the teeth of the pinion are 
involutes, and those of the rack are straight lines at right 
angles to the path of contact F F, and therefore inclined 
to the pitch line at 70°. A is the centre of the pinion and 
pG its pitch circle; plia the pitch line of the rack, and YCl 
the angle of obliquity. A D is drawn from A at right angles 
to F F, then A D is the radius of the base circle R D H. 




J" 



I 

Fig. 278. 

The diameter of the pitch circle is to be found by the usnal 
formula — 

P 
J>=— xN, 

which gives in the present case 

D=41366=4| inches nearly. 

C a is equal to the circular pitch, and a 6 is drawn at right 
angles to C 5, therefore C A is the normal pitch- The half- 
length C D of the path of contact is less than the normal 
pitch, and therefore, since CA = CD, the whole path ia 
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less than twice the normal pitch; therefore the arc of contact 
will not admit of two pairs of teeth being always in gear. 

The length of the path of approach D C for a given wheel, 
assuming the pinion to be the driver and to rotate in the 
direction shown by the arrow, may be found as follows : — 

We have shown before that C 6 : C a : : A D : A C. Let 
6 denote the angle CAD, which is equal to the angle of 
obliquity, then 

CD=ACx8ine^. 

In the present case = 20**, the pitch C a = 1 inch, and the 
number of teeth = 13; therefore, substituting the values of 
6 and A C in this equation, we get 

^^ 41366 „,„ ^^^^. ^ 

C D=— — - X •342=-7072 inch nearly. 

The normal pitch C &= 1 x cosine ^='9.3969 inch. 
CD -7072 _. . , 

-C6=^93969=*^^2^'^^^- 
. *. the arc of contact = circular pitch x 2 x '752= 1 x 2 x '752= 

1 '504 inch, 

which is a little over 1^ times the circular pitch C a. 

The faces and portions of the flanks of the teeth are in- 
volutes, as D q^ of the base circle B D H ; the remaining 
portions of the flanks are radial lines, as D d. 

If the base circle coincides with the pitch circle, the teeth of 
the rack become straight lines at right angles to the pitch 
line of the rack ; and the path of contact is confined to the 
pitch line ; and therefore the teeth of the pinion touch those 
of the rack in a point, which point is in the pitch line. 



SECTION ni. 

EXAMPLES OP SPUR AND BEVEL WHEELS — THE ODONTOGRAPH. 

808. As examples of the application of the curves described 
in previous articles, we have selected the following examples 
which include both Cases I. and II. In the former a rack 
and pinion are shown, also a pair of bevel wheels in gear ; 
and in the latter a spur wheel and pinion, and a pinion and 
internal wheel also in gear. In each example the curves 
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are shown. Approximate method of drawing the curves by 
means of arcs of circles will be g^ven, the radii of which are 
obtained from the odontogrouph. 

804. Back and Pinion in Gear.— In figs. 1, 2, and 3, 
Plate XII., are shown a rack and pinion in gear, the teeth 
of which are described on the principle stated in Case I. Fig. 
2 is a front elevation, ^^. 1 a plan, and fig, 3 an end eleva- 
tion, the top half of which is a cross section, or sectional end 
elevation, made by the plane S A, fig. 2. The pitch is 1 
inch, and the pinion has 16 teeth; therefore D, the dia- 
meter of its pitch circle, is, by the equation already given, 

= ^xN = -3182x 16 = 5-0912 = 5^ inches nearly. The 

figures are drawn to a scale of |. 

The curves for the tops and bottoms of the pinion's teeth 
are involutes of the pitch circle, and radial lines respectively 
of the rack's, cycloids described by a circle A a C, whose 
diameter is equal to the radius of the pitch circle of the 
pinion, and lines at right angles to the pitch line pi oi the 
rack. 

805. Draw the centre lines aXyhy (which contain the 
projections of the axis of the pinion), and the pitch lines, fig, 
2 ; divide the latter into lengths of 1 inch, and mark off the 
proportions of the teeth. In the example we have shown a 
pair of teeth in contact along the line AC; to do this make 
QrriyQn each equal to one-half the thickness W of a tooth, 
and then from m and n set off the pitch. Having divided 
the pitch circle and the pitch line for the pitch, set off a 
tooth for each, as P and R; and draw the curves g', r « for 
the tops of the teeth, by the construction lines already 
shown. From and r draw the bottoms of the teeth. 

We have now to draw a number of curves similar to the 
portions of ^ and r 8 which are used for the teeth. For 
drawing purposes we may substitute for these curves, arcs 
of circles, whose centres may be found as follows : — The lines 
1 1, 2 II, etc., are normals to the curve 5^ at the points I, 
II, etc., and they are also the rcuiii of curvature at I, II, etc., 
of the curve. Therefore we may substitute for the curve an 
arc of a circle of a radius t II, which is a mean between the 
two extreme radii of curvature. In like manner find the 
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radius of a circle with which to draw the portion of the curve 
ra; the radii of curvature at I, II, etc., are 1 — ^I, 2 — II, etc. 

If the curves are required for pattern purposes they may 
be drawn as described in Arts. 314 and 315; or ihej may 
be drawn by an actual describing point, according to the 
definition of the curves given in the preceding articles. 

After having obtained the radii of the circles for the tops 
of the teeth, and having on the pitch lines set off the thick- 
ness of the teeth, draw the tops and then the bottoms. The 
bottoms of the teeth are joined to the cylindrical portion 
of the wheel by a small curve, the object of which is to 
strengthen the teeth, as sudden changes of direction, in con- 
nected portions of material, tend to weaken the part where 
the change takes place ; and also, in the present case, the 
root of the tooth is increased in size by the curve, and there- 
fore the tooth is stronger than it would otherwise be. 

The remaining portions of the figures may be drawn with- 
out further instructions, as the constructive lines indicate 
clearly how the projections are obtained. 

On the rack are shown chipping-pieces c c. The pinion is 
connected to its shaft by a key in the usual manner. The 
shaft is 1| inch diameter ; the dimensions of the key may be 
taken from Table X., page 165; the width of the teeth is 
^ an inch. 

306. Spur Wheel and Pinion Gear.— In figs. 1 and 2, 

Plate XVII., are shown a spur wheel and pinion in gear, 
the teeth of which are- described on the cycloidal principle. 
Fig. 1 is a front elevation and ^g, 2 a plan. The wheel on 
the axis A is the driver, and that on B the follower ; there 
are 15 teeth in the driver and 38 in the follower; the 
velocity-ratio is therefore f|> Either A or B may drive, but 
in the present case we assume A to be the driver. The 
pitch is li^ inch, therefore the diameters of the pitch circles 
are as follows : — 

For A, D= - X N= '4774 x 16= 7-161 = 78^ inches nearly. 
For B> t)=^ xN=-4774x38=l81412=18Ji inches nearly. 

IT 

The diameter of the describing circle is made equal to the 
diameter of the pitch circle of a pinion of 12 teeth ; its dia- 
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meter is therefore = '4774 x 12 = 5*7288 = 5ff inches nearly. 
The epicycloids for the tops, and the hypocycloids for the 
bottoms of the teeth, are described by the same rolling circle, 
which is the constant describing circle for all wheels of the 
same pitch. 

The pinion is solid, with facings on its sides ; the wheel 
has four arms. The wheel and pinion are attached to their 
respective shafts by means of keys in the usual manner. 
The teeth of the wheel are connected together by the rim R, 
which is attached to the boss K by the arms G ; upon both 
sides of each arm are feathers H, which also join the rim 
and the boss; inside the rim and joining the arms are 
feathers F; there are also similar feathers F, outside the 
boss and connecting the arms. The figures are drawn to a 
scale of \, 

807. Draw the common centre line c Zy and having calcu- 
lated the diameters of the pitch circles of the wheels, mark 
off A c, c B equal to the i^ulius of the driver and fc^ower 
respectively, and draw the centre lines aXyby, which contain 
the projections of the axes. From A and B as centres, with 
Ac, Be as radii, describe the pitch circles; divide these 
circles into as many parts as there are teei^ in the wheels. 
In the example we have shown a pair of teeth in contact 
along the line of centres A B. To set out the teeth as shown 
mark oS cm on the pitch circle of A, and en on the pitch 
circle of B, each equal to one-half the thickness of a tooth ; 
then from m and n commence to divide the pitch circles for 
the pitch. As the distance taken in the dividers is the cord 
of the circular pitch, it will of course be a little less than the 
pitch. 

If the number of teeth in the wheel is divisible by 2, 
divide the pitch circle into halves, and then by trial divide 
one of these into the required number of parts ; if the num- 
ber of teeth is divisible by a higher number Uian 2, then 
divide the pitch circle into such a number of equal parts, and 
treat one of the parts as in the previous case, and so obtain 
the division of the part of the pitch circle. Then divide the 
remaining parts by means of the distance thus obtained, 
which is, as just stated, less than the circular pitch. 

Kow draw the circles for the tc^ and bottoms of the 
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teeth, and set off a tooth for each wheel, as D and E; di-aw the 
curves op, oq for tooth oi wheel B, and ra^rt for A. The 
construction of the epicycloids, and hypocycloids is shown in 
the figure, but for the description we refer the student to the 
previous sections. For pattern purposes the curves may be 
drawn as described, or they may be traeed out by the actual 
rolling of the describing circle upon an arc of a circle whose 
radius is ^e same as that of the pitch circle ; of course, for 
a pair of wheels four arcs of circles would be required, two 
for the epicycloids and two for the hypocycloids. 

For drawing purposes, arcs of circles may be substituted 
for the curves, the radii of which may be found in a similar 
manner to that described for the curves in fig. 1; but we 
shall give in Arts. 314 and 315 a method of approximat- 
ing to these curves, which is easier to apply than that just 
named. The proportions of the several parts are to be taken 
from the figures, and from the section immediately preceding. 

S08. Spur, Pinion, and Internal or Annular Wheel in 
Gear. — In figs. 1 and 2, Plate XIII., are shown an internal 
or annular spur wheel and a pinion in gear, whose teeth are 
described on the cycloidal principle. Fig. 1 is a front eleva- 
tion, and fig. 2 an end elevation or plan, the lower part of 
which is in section. 

The pinion on the axis A is the driver, but, as before stated, 
either pinion or wheel may drive according to circumstances; 
there are 12 teeth in the pinion and 38 in the wheel, the 
velocity-ratio is therefore ff = V* ^® pitch is li^ inch, 
therefore the diameters of the pitch circles are 5f|^ inches, 
and 18^ indaea. The diameter of the describing circle is 
equal to the radius of the pitch circle of the pinion, as there 
are 12 teeth in the pinion; and therefore the flanks of the 
pinion are radial lines. The epicycloids, for the pinion and 
wheel, and the hypocycloid for the wheel, are drawn as shown 
by the construction lines; for further description, see- Plates 
III., XI., and XI Y., and the text thereon. 

The pinion is solid, the wheel consists of a rim E, inside 
of which are the teeth, and a plate P attached to the rim, 
K is the boss for the shaft ; the rim, plate, and boss are all 
cast together. Arms are sometimes employed to connect the 
rim to the boss, instead of a plate, as shown in the example. 
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809. Draw the common centre line c z, and having calcu- 
lated the diameters of the pitch circles, mark off B C equal 
to the radius of the wheel; and from C, towards B, mark off 
C A equal to the radius of the pinion. Through A draw the 
centre line a x, and draw b y parallel to a a;; these lines con- 
tain the projections of the axes. The construction lines, with 
the explanations already given, show how to complete the 
figures. It must be observed that the tops of the teeth of 
the wheel are nearer the centre than the bottoms, which is 
the reverse of the previous example. 

810. Pair of Bevel Wheels in Gear.— Figs. 1 and a, Plate 

XV., represent the pair of bevel wheels shown in outline in 
Plate X. A has 24 teeth, and B 20, 1^ inch pitch. The 
teeth are of the form described as having radial flanks. 
The projections of the axes are marked a a, a\ and h h, b'b\ 
Draw the centre lines ax, bb, and 6'6', and the projections of 
the pitch circles as shown. Determine the points e, Z, n, and 
o, and draw lines for the tops and bottoms of the teeth (see 
text for Plate X.). Draw EL, fig. 2, parallel to and at a con- 
venient distance from el; produce C/to meet EL in F, and 
draw e'Ey lit parallel to it. From E and L as centres, with 
radius E F, L F respectively, describe arcs of circles G F Q, 
K F B,; these arcs of circles are the boundaries of the portions 
of the developments of the cones e/g and l/k, upon the 
surfaces of which the teeth are set out. 

Draw the teeth, fig. 2, as if G F Q, K F R were the pitch 
circles of a pair of spur wheels of 1^ inch pitch, E and L 
being their centres; the describing circles being equal to the 
radii of these pitch circles. The curves c F, ^ F are shown 
more fully in Plate XIV. (Plates XIV. and XV. must be 
studied together, or the student will not understand: the 
figures on these two Plates are numbered fix)m 1 to 10). 

Fig. 5, Plate XIV., shows the frusta of the cones 0/g, 
Cfhy which are the pitch surfaces of the wheels. Fig. 7 is 
a development of the cone Ofg ; the epicycloid 0...c?, which 
forms the tops of the teeth of the wheel A, is described by 
the circle F « L (figs. 2 and 6). 

Fig. 6 is a development of the cone Ofh] the epicycloid 
o.,,c, which forms the tops of the teeth of the wheel B, is 
described by the circle FrE (figs. 2 and 7). The bottoms of 
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the teeth are radial lines. Having drawn the teeth, as shown 
in fig. 2, commence and draw their projections in figs 1 and 
3; see Plate XV. 

Figs. 8, 9, and 10, Plate XIV., show portions of the 
wheels, drawn to a scale of ^, with the construction lines 
required to project the teeth of the smaller wheel. Di-aw 
the centre and the pitch lines of ^g, 8, corresponding to ^g, 1; 
and draw the teeth, fig. 10, in their true form, as shown in 
fig. 2. Divide the pitch circle/ r', i^g, 8, into 20 equal parts, 
as we are taking the smaller wheel for the example, and set 
off on the pitch circle the thickness of the teeth, equal to the 
thickness of the teeth on the pitch circle in ^g, 10. Now 
project lines from t and ^, ^g, 8, and describe circles for the 
tops and bottoms of the teeth ; make the thickness of the 
tops and bottoms, measured upon these circles, of the same 
size as those of the corresponding wheel in ^g, 10. That is 
to say, uVf wx, yz, ^g, 8, equal respectively uv^ wx, yz^ 
fig. 10; but the projected length w y, ^g, 8, is less than the 
true length w y, fig. 10. 

From w x and uv {y and z being in the latter lines), draw 
lines to o, the centre of the wheel, meeting the circles which 
form the teeth of the inside of the wheel, and so obtain the 
projection of those teeth as shown. The curved lines for 
the tops of the teeth are projections of those in ^g. 10, and 
if the latter are arcs of a circle, then those in fig. 8 may be 
assumed to be arcs of a circle. The approximate method of 
describing the teeth of spur wheels, previously given, applies 
also to the teeth of bevel wheels, as set out in figs. 2 
and 10. 

The teeth of the wheel B, fig. 9, are to be projected from 
those of fig 8, as shown by the construction lines drawn from 
the tooth P. From w x draw lines meeting ttin. w'x ; and 
from u V draw lines meeting fr in u'v' \ join v!v^ to /, meet- 
ing A A in 2/V. Then y'u'wx'v'z is the required projection of 
the outside of a tooth; from each of these points, or from as 
many of them as are required, draw lines to C, meeting the 
lines h'h'j m w, t't\ and so obtain the projection of the whole 
tooth. The remaining teeth are to be drawn in a similar 
manner, so also are the teeth on the wheel A. 

The teeth of the wheel A, fig. 9, are projected from fig. 8, 
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and those of B are projected from figs. 8' and 10; the projec- 
tions of B in figs. 1 and 3 being similar. 

To facilitate the drawing of such projections as figs. 1, 3, 
8, and 9, a fine needle may be fixed at C a', o^ and e for the 
set-square to bear against. 

The teeth of all bevel wheels, whose axes are in the same 
plane, are projected in the manner just described; but, of 
course, if the flanks are not radial, then their true form must 
be drawn in fig. 10, and then projected in a similar manner 
to the tops of the teeth. 

311. Willis's Odontograph. — Professor Willis invented 
in 1838 an instrument to facilitate ihe drawing of approxi- 
mate cycloidal teeth. The instrument is called by its inventor 
the Odontograph; fig. 279 is a drawing of it to a scale of J, 
and in the following article a description is given, illustrated 
by examples. It is usual in practice, as for example in 
setting out the teeth of a pattern or modely to substitute arcs 
of circles for the portions of the- (^rdoidal curves required ; 
and, providing the proper radii are employed, the errors intro- 
duced by the substitution may, for practical purposes, be 
overlooked as inappreciable. The radii to be employed are 
the mean radii of curvature of the cycloidal arcs ; these can 
be foimd by calculation or by construction, but as tiie opera- 
tion would be required for every wheel, it is more convenient 
to calculate them beforehand, and arrange them in a table. 
This has been done by Professor Willis, and such a table is 
given on the drawing of his odontograph; the table is calcu- 
lated by assuming the smallest wheel in a set to have 12 
teeth. 

The angles which these mean radii of curvature make with 
the pitch line have been fixed by the inventor of the odonto- 
graph at 15°, as that angle gives the best form to the teetL 
And the point at which the approximate curves, forming the 
top of the tooth of one wheel and the bottom of the tooth of 
the other, are exactly at the distance of half the pitch from 
the point where the line of centres cuts the pitch lines. 

812. In fig. 280, jd C E is the pitch circle of a wheel, the 
arcs C D, C E are each equal half the pitch, and D A, E A 
are radii of the pitch circle. "Bh^T k are drawn through D 
and E respectively, making the angles B D A, i^ E A eacb 
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equal to 75° (90° — 16°); these lines are normals to the 
cycloidal curves, and the mean radii of curvature lie in them. 
The distances D h and E k are obtained from the tables on 
the odontograph, as will be explained presently, then k C and 
A C are the respective radii with which to describe the faces 
and flanks of the teeth. A;P is the radius of curvature 'at 
the point P of the epici/cloidal arc C P m, and A B is the 
radius of curvature at B of the hypocyehidaZ arc C B n. If 
these arcs are small, then the error introduced by substituting 
arcs of circles for them will also be small. 




Fig. 280. 

S13. For practical use the odontograph may be made of 
cardboard or sheet metal ; the following description, and fig. 
279, will enable the student to make one for his own use: — 
Having provided a rectangiilar piece of cardboard, 13 inches 
by 7^ inches, upon one of its long edges, as AB, take a point 
T, about 2^ inches from B; on each side of T set off distances 
of ^ an inch, divide each of these into ten equal parts, and 
number them as shown; from T draw T C, so that the angle 
B T C contains 75°. Fig. 279 is drawn to a scale of J, and 
therefore the distance contained by each of the ten divisions 
is only \ an inch ; also the upper scale only extends to 165 
divisions, whereas in the original there are 200. 

The tables are to be copied from the figure ; the top one 
contains the numbers for the centres of ti^e fianks, and the 
bottom one those for the faces of the teetL The first column 
in each table contains a list of certain wheels of from 13 to 
150 teeth; the whole of the wheels are not given, because 
the error in taking from the column the numbers for the 
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wheel nearest to the one required is very small and pfacti- 
cally inappreciable. The remaining columns contain respec- 
tively the numbers for the centres of the faces and flanks of 
the teeth of the wheels given in the first column, for pitches 
advancing by ^'inches from 1 inch to 2 J inches, and for a 
pitch of 3 inches. The numbers for intermediate pitches may 
be found by direct proportion from those given; thus, for J 
inch pitch, by halving those of 1 inch pitch; for 3^ inches pitch, 
by doubling those of If inch pitch; and so on for other pitches. 

814. The following examples will explain how to use the 
odontograph : — 

I. To drom the Teeth of Spur Wheels, — Figs. 1 and 2, Plate 
XVI., show a spur wheel of 29 teeth, 1^ inch pitch ; A is 
its centre, and P C its pitch circle. Fig. 1 is drawn to a 
scale of J, and fig. 2 shows a portion of the former figure 
drawn full size. 

From A draw any radial line AB, fig. 2, meeting the pitch 
circle in m ; from m set off aloug the pitch circle w D, w E, 
each equal to one-half of the pitch; from D, E, draw radial 
lines D A, E A. 

For the flank of the tooth place the line C T of the instru- 
ment upon the line A D, so that T coincides with D ; now 
look to the tables of centres for theflanka of teeth, and in the 
column of 1^ inch pitch, opposite 30 teeth (nearest to 29) is 
the number 21. The ix)int numbered 21, counting from T 
to A, on the accde of centres for the flanks of teeth, is the 
centre required ; we will call the point h ; and from A as a 
centre with a radius hm describe the arc mp, which is the 
required flank. 

To describe the face, place the line C T upon A E ; in the 
table of cefrdresfor the faces of teeth, opposite 30, will be found 
the number 9, countiug from T to B ; mark off this number 
from the scale of centres for the faces of teeth ; we will call 
the point k ; from this point as a centre with a radius k m 
describe i^e arc m n, which is the required face. By re- 
peating these curves the other side of the tooth can be drawn, 
and also the remaining teeth. From A as a centre with 
radii Ah, Ak, describe circles hq, rk. These circles con- 
tain the centres (A, k) of all the teeth, which are to be de- 
scribed with the radii h m, k m. 
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11. To draw the Teeth of Hacks. — Fig. 281 shows a portion 
of a rack of 1 inch pitch, drawn full size. The centres for 
the faces and flanks of the teeth are obtained in a similar 
manner to those in the previous example ; pi ia the pitch 
line; m is any point in the pitch line; and mD, tn'Ef are each 
equal one-half the pitch, measured along the pitch line. D A 
and E A are drawn at right angles to the pitch line, because 
pi is a, straight line, which may be considered as a circle of 
infinite radius, and D A, E radii of that circle. To draw 
the flank mp, place the line T C of the instrument so that 
T coincides with D, and T C with D A ; and mark off the 
point 10. Let h denote this point, then hm ia the radius 
required. The point k is found in a similar manner, always 
noticing that A and k ai-e on opposite sides of m. In the 
case of racks h m and k m are equal, because the curves we 
are approximating are equal and similar cycloids; and there- 
fore the numbers in the bottom line of each table in fig. 279 
are equal for the same {^tcL 




Fig. 28L 

315. In figs. 1 and 3, Plate XYI., are shown a spur wheel 
and pinion in gear, whose teeth are described by means of 
the odontograph. Fig. 1 is a front elevation, and ^g, 3 an 
end elevation, a portion of which is in section, as made by a 
plane passing through 6B, fig. 1. The pinion A is the driver, 
and the wheel B the follower; the former turns in the direc- 
tion indicated hy the arrow. A has 19 teeth, and B has 50, 
1^ inch pitch* The diameters of the pitch circles are hy the 
equation (3), for A^ 7*558 = 7-^ inches nearly, and for B 
19-890 = 19J inches nearly. 
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Draw the centre line a y, and fix upon a point for the 
centre of one of the wheels, say A, for the pinion ; from A 
mark oft along y a, A 6 = J of 7^ inches, and from b mark 
off 6 B = J of 19 J inches ; through A and B draw the centre 
lines dx, ez, which contain the projections of the axes. 
From A and B as centres, with radius A h and B h respec- 
tively, describe the pitch circles PC, PC, and circles for the 
tops and bottoms of the teeth, taking the proportions for 
these and also those for W and R from Art. 244, p. 198. 
The teeth are to be described as previously shown; the 
centres h and k are taken from the tables for 1^ inch pitch, 
^g. 267. The numbers for the faces are for A, 8, and for B, 
10; which are the numbers for wheels whose numbers of 
teeth are nearest to the required ones. Those for the flanks 
are taken between 37 and 31 for A, and between 18 and 15 
for B; which are the numbers for wheels of 18 and 20, and 
40 and 60 teeth respectively. 

The pinion is solid, with facings on each side; ^ inch 
thick, with 4 inches radius, and 3| inches through. 

The wheel has six arms of a cross section shown at X, 
^g, 3, as made by the plane S^P^ ; they are connected to 
the rim R and boss K by feathers F, F j on both sides of 
each arm are feathers H, which also join the rim and the 
boss, the whole being cast together. The boss is 5 inches 
diameter, and 4 inches through; the whole is 20 inches 
diameter. For the remaining dimensions^ see the figures 
and tables. 

TABLE XVII. 
Proportion op Spur and Bevel Wheels, 



The pitch . . . ( = 1-25") =p, 

Top of the tooth, T . 

Bottom of the tooth, B 

Total depth of tooth, T + B 

Thickness of tooth on pitch line, W 

Space between teeth on pitch line, S 

TJiickness of rim, R . 

Thickness of arms, G 

Width of feathers, F, F . 

Thickness of feathers, H, F 

Thickness of boss round shaft, K 

Usual width of teeth, L « • 



=i)x -33. 
=2? X '42. 



=2? X '16, 
=.p X '45. 
=p X '55. 
=p X '45. 
=zp X '45. 
= px '45. 
=p X •45, 
=;> X 1 . 
=|>x2*6. 
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316. The inappreciable error which we referred to in a 
previous article, as arising from the use of numbers in the 
tables, fig. 279, corresponding to a wheel of a different num- 
ber of teeth to the required one, is noticed by the inventor 
of the instiniment in the following manner :* — 

" It is unnecessary to have numbers corresponding to every 
wheel, for the error produced by taking those which belong 
to the nearest as directed, is so small as to be inappreciable 
in practice. I have calculated the amount and nature of 
these errors by way of obtaining a principle for the number 
and arrangement of the wheels selected. It is unnecessary 
to go at length into these calculations, which result from 
very simple considerations, but I will briefly state the 
results. 

" The difference of form between the tooth of one wheel 
and that of another is due to two causes: (1) the difference 
of curvature, which is provided for in the odontograph by 
placing the compasses at the different points of the s(»de of 
equal parts; (2) the variation of the angle DAE, &g. 4, 
Plate XVI., which is met by placing the instrument upon 
two radii in succession. 

" The first cause is the only one with which these calcula- 
tions are concerned. Now in a 3 inch pitch the greatest dif- 
ference of form, produced by mere curvature in the portion 
of tooth which lies beyond the pitch circle, is only '04 inch 
between the extreme cases of a pinion of twelve and a rack, 
and in the acting part of the arc within the pitch circle is 
*1 inch; so that, as all the other forms lie between these, it is 
clear that if we select only four or five examples for the 
outer side of the tooth, and ten or twelve for the inner side, 
that we can never incur an error of more than the ^^th of 
an inch in 3 inch pitch, by always taking the nearest number 
in the manner directed; and a proportionably smaller error 
in smaller pitches. But to ensure this, the selected numbers 
should be so taken, that their respective forms shall lie be- 
tween the extremes at equal distances. Now it appears that 
the variation of form is much greater among the teeth of 
small numbers than among the larger ones, and that in fact 
the numbers in the two following series are so arranged, that 
• Willis's Principles qf Mechanism, page 139. 
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the curves corresponding to them possess this required pro- 
perty : — 

For the outer side of the tooth— 12, 14, 17, 21, 26, 34, 47, 

73, 148, Rack. 

For the inner side of the tooth— 12, 13, 14, 15, 16, 17, 19, 

22, 26, 33, 46, 87, BAck. 

*^ Now these numbers, although strictly correct, would be 
very inconvenient and uncouth in practice if employed for a 
table like that in question, when convenience manifestly re- 
quires that the numbers, if not consecutive, should always 
proceed either by twos or fives, or by whole tens, and so on. 
They are only given as guides in the selection, and by com- 
paring them with the actual table, their use in the formation 
of the first column will be evident." 



SECTION IV. 

STRENGTH OF TEETH. 

In designing the teeth of wheels we have to consider, in 
addition to the points already mentioned, their strength, that 
is, the power they are capable of transmitting under given 
conditions. The two extreme cases are — (a) a wheel revolv- 
ing at a high rate of speed; (6) and a wheel at rest. In the 
first case we have to take into consideration the velocity of 
rotation; in the second, simply to determine the absolute or 
ultimate strength of the teeth. The latter being the simpler 
case we consider it first, merely observing that the substance 
of which a wheel is composed materially affects its strength. 
Cast-iron is chiefly employed for machine and mill gearing; 
hence our calculations will be confined to that metal. Steel, 
brass, and malleable cast-iron are employed in special cases. 

317. Strength of Teeth when at Best.— The most common 
case we -can mention of a pair or of a train of wheels at rest 
under the action of forces, is that of a loaded crane. When 
the raising of the ultimate weight is effected, and the rotation 
of the wheel ceases, the strain upon the teeth is a dead strain 
or load, and it is the greatest load which the teeth should be 
calculated to carry. 

2 s 
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Let fig. 282 represent a pair of wheels in gear, with centres 
A and B, and let C and D be a pair of teeth in contact, the 
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point of contact being at e, the ex- 
tremity of the tooth D; and, further, 
let the wheel A be the driver; the 
strain upon the tooth D is similar to 
the strain upon a beam fixed at one 
end and loaded at the other; hence the 
length ef of the tooth represents the 
projecting beam or cantilever, and the 
forces trsmsmitted by C represent the 
load. "We have already seen how the 
strength of a beam under the foregoing 
conditions varies; therefore treating a 
tooth in a similar manner, we can 
calculate its strength; the strength of 
the individual tooth will be its ultimate 
resistance to fracture. 

Let fig. 283 represent a tooth of 2^ 

inch pitch fixed at b, and loaded at a. 

'^ We shall assume the thickness at the 

Fig. 282. neck 5 to be equal to that in the pitch; 

then from the proportions formerly given the length is 

1J = 1*875 inches three quarters of the thickness; d is 

1|^= 1*125 inches; and the width at 6 is 2| times the pitch, 

I 





Kg. 283. 

that is, 6^ inches. Let the breaking load of a bar of cast- 
iron, one inch square and one inch long, loaded as in the 
figure, be 6000 lbs., then we have generally, where W is 
the breaking load. 
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Substitating the given values of a 2^ incli pitch toothy we get 

W = 1125' X 6-25 x6000 _yg3^g.p 
1-875 
The value of W thus obtained must be multiplied by the 
factor of safety to obtain the safe working load. If we assume 
the factor of safety to be xV*^> then 

the safe working lQad=^=;?^=2531 lbs. 

In the example just given, we have assumed that only 
one pair of teeth are in gear, but if there are two pairs in 
gear at the same instant, then we must multiply the safe 
working load, as found from the above formula, by 2, when 
it becomes 2531 x 2 = 5062 lbs. A small value for the 
depth d has been taken, but of course this only affects the 
actual example taken, as in every case the actual values must 
be substituted in the equation. 

We have assumed in this last case that the load is distri- 
buted equally across the whole width of the tooth, but there 
are cases where, through wear and other causes, the teeth 
are subjected to severer strains, through the stress coming 
upon part of the tooth only, or even upon the comers. In 
Hg. 284, if we consider ab = aCf then the greatest stress will 
be near the line c b. Assuming the pressure to act at a, the 
following formula expresses the strength of. the tooth; it 
was originally given by Tredgold : — 

W=.fJl (1) 

5 ' 

where, as before, d is the thickness of the tooth, and / depends 

upon the material. Making an allowance by subtracting ^ 

for wear, the equation becomes 

5 11-26 

For cast-iron / is taken as 15300; if this be substituted in 
the above equation, 

or in words, the thickness of a tooth in inches should be 
equal to the square root of the stress on the tooth in pounds, 
divided by 1400. 
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By an extraordinary error in writing 1^:25 ^^^ lF25' ^^ 

best tex1>-books give 1500 instead of 1400. 

We have here shown what the bending moment is, arising 
from the total force transmitted by a pair of wheels, con- 
sidering that this force acts on one pair only. 

In fig. 284, the cross section of 
the rim of the wheel is seen, while 
a deb is the face of the tooth upon 
which the stress should come evenly; 
but if it acts on one comer a, we 
must consider c 6 as a plane of sec- 
tion, and a as a perpendicular from 
a. Let d be the thickness of the 
tooth, and eb = b, and the perpendi- 
Fig. 284. cular ao = l, then according to Tred- 

gold, Bankine, etc., the greatest stress upon the section^ where 
P is the force, is 

which attains its greatest value when the angle aebia 45% 
and b = 2l, under which conditions we obtain 

• *. thickness for tooth = d= 




=d= /3P 



for cast-iron/ will be 4500 lbs. on the square inch. 

S18. In calculating the strength of the teeth of bevel 
wheels, the mean size of the teeth must be taken. 

The strength of teeth must be considered in another aspect, 
namely, the velocity at which the wheels are moving. While 
the pressure on a tooth varies directly as the horse-power 
transmitted, it varies inversely as the velocity of revolutioiL 
If one wheel transmits 10 horse-power, and a second 20 horse- 
power, both moving at the same velocity, the strain on that 
carrying 20 horse-power will be double the other. Again, if 
one wheel moves with a velocity of 50 feet per minute, and 
the second at 200, both transmitting the same horse-power^ 
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the Btrain on the latter will be onl^ one quarter that on the 
first. 

If 'H is the horae'power transmitted, v the velocity in feet 
^er second, then the preaaure in pounds on the wheels is 
given by the formula — 



P = 



650xH 



This may be illustrated bj the following question : — Sup- 
pose a Sj wheel 3d feet in diameter makes 30 revolutions 
per minute, works a pinion 6 feet in diameter, and transmits 
260 horse-power; find the statical pressure on the teetL 

TT 1 ■,_ J 35x3-1416x30 „, ,, 
Velooity per Becond = = 56 feet (nearly). 



P (pressure] = 



55 



- =2500 IbB.; 



that is, the pressnre on the teeth would be 2500, when 250 
horse-power are transmitted at the above velocity. 



319. Uortice Wheels. — It is usual in mill gearing to 
employ wooden teeth or coga for one of a pair of wheels; the 
wheel which has these wooden teeth is called a mortuie wheel, 
as the teeth are inserted in mortices in the rim of the wheel. 




Figs. 285 and 386 represent a portion of a mortice who'll; 
E i; the rim, F Q the tooth or cog, the shank ia d, which 
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fits the mortice in the rim; H is an iron pin, usually a piece 
of iron wire, which passes through the shank just inside the 
rim, and prevents the cog from working loose and leaving 
the mortice. The letters refer to both figures. 

On the left-hand side of fig. 285 the rim is in section, 
showing the shank and the mortice in the rim. On the left- 
hand side of ^g, 286 the rim and a portion of the shank are 
in section, showing the mortice and the connecting pin H. 
The shank is made smaller than the portion outside the 
mortice, so that there is a shoulder K K on each side of the 
cog which bears upon the rim. 

320. "Wooden teeth moving at slow velocities, or at rest, 
are not so strong as iron ones; it is therefore necessary to 
make the teeth of mortice wheels thicker than those of the 
iron with which they work. A common proportion is -6 of 
the pitch for the wooden cogs, and '4 of the pitch for the 
iron teeth, little or no play being allowed, as the teeth of 
such wheels are always carefully trimmed before they are 
used. 

For a given pitch, the teeth of a mortice wheel and those 
of the iron one in gear with it are shorter than those of ordi- 
nary iron wheels, because the proportions are those due to a 
reduced thickness of tooth; thus the thickness, measured 
on the pitch line, of the iron tooth is only '4 of the pitch, 
whereas in ordinary gearing it is '45 of the pitch. There- 
fore the length of the tooth should be reduced in the propor- 
tion of .^ = -88 of the usual length. 

The mortice wheel is usually the follower, but not always; 
the practice is to make the smaller wheel with iron teeth. 
The woods employed for cogs are the following : — Hornbeam, 
crab-tree, locust, apple- wood, holly, and beech; the first is 
the one most commonly used. 

321. Flanged Wheels.— The strength of the teeth of wheels 
may be considerably increased hj flanging or shrouding them. 
In figs. 287 and 288 is shown a portion of a fianged wheel; 
F is the rim, and E, E the flanges. The flange consists of a 
ring on the face of the wheel passing from the inner edge of 
the rim to within a short distance of the pitch line, the whole 
being cast together. The result is that the teeth have their 
jBtrength increased by having their ends supported by the 



HOOKE S GEARING. 



279 



'flange, and thus in a sense having their length reduced by 
addmg an additional amount of metal. 




Kg. 287. Fig. 288. 

If we suppose a tooth of a flanged wheel to be broken, the 
line of fracture would be somewhat similar to the irregular 
line cb^. Let a 5 = the length of a tooth, g b the flank, and 
let the flanges come up to the pitch line, then we maj take 
the mean length of the flank, plus the length of the face, for 
the length of the tooth in our calculations. 

S2S. As an eicample, let the pitch be 2| inches, then we 
have 

a b *40 D 

I =agf+~-=-35/)+-2^=-55i)='65x2'5=l-675iiich; 

and by equation (1), 

d^xbxeOOO 



W = 



I 
l'125«x 6-25x6000 

1-675 



=28335 lbs. (nearly). 



In the example given, where the teeth are not flanged, we 
have W = 25312 lbs., so that the ratio of the strength of 
flanged and ordinary teeth is as, say, 283 : 253; or the 
flanged tooth is about 12 per cent, stronger than the other. 

323. Hooke's Oearing. — We have already studied the 
various points respecting the action of the teeth of a pair of 
wheels in gear, as to form and length of path of contact, and 
the strength of the teeth. Therefore we can now consider how 
these quantities vary under given conditions. If we increase 
the number of teeth in a pair of wheels we get a smoother 
action, but we reduce the strength of the teeth, and conse- 
quently reduce the power they are capable of transmitting ; 
again, if we increase the length of the path of contact, we also 
reduce the strength of the teeth, as that augmentation involves 
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an additioa to the length of the teeth, which corresponds to 
an increaae of leTerage or breaking strain. 

The ajrangement inveat«d by Dr. Hooke combinea the 
advantages ci smoothneag of action afforded by a reduced 
pitch, and of strength doe to the original pitch. 
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Fig. 29a 

In figs. 289 and 290 is shown a portion of a wheel with 
Hooke'a stepped teeth ; fig. 269 is a plan and 290 an eleva- 
tion ; in this figure we have shown the projections of the 
fronts of the teeth only. The width rS the wheel is divided 
into a number of plates, as E, L, M; and instead of the teeth 
in these plates forming a straight line parallel to the axis, as 
in an oniinary spur wheel, they form a series of steps a h, 
c d, e/. We have now to consider what is gained by such 
an arrangement. 

824. The length of the path of contact depends upon the 
length of the faces of the teeth. In the present case we 
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shall refer to receding contact only, and shall assume the 
teeth to be cycloidal. 

Let the pitch P be 1^ inch, and let A C be the describing 
circle. Then, if the arc of receding action is to be equal to 
the pitch, and if the arc C h equals the pitch, the circle con- 
taining the extremities of the faces of the teeth of the wheel 
A must pass through h ; but if the path of action is only to 
equal one-half the pitch, then that circle must pass through 
I, CI being one-half C h. 

Let k n equal the pitch, and let the wheel rotate in the 
direction shown by the arrow. The tooth K, whose front is 
marked Z A; m, is just ending contact, having passed through 
an arc C ^, equal one-half the pitch ; but before contact 
has ended the tooth L comes into contact, and before L has 
ended contact the tooth M comes into contact; contact 
finally ending for the last tooth M at I, 

In the figures the front of M is a little on the right of the 
centre line, so that by the time M ends contact the arc of 
receding contact will be a little more than twice C k ; that 
is, a little greater than the pitch. This increase in the length 
of the arc of action has been produced by the stepping of the 
teeth. 

The thickness of the teeth is that due to the pitch kn; 
by this arrangement we therefore get a short strong tooth. 
Tflie chief objection to the arrangement is the increased 
difficulty in obtaining correct castings, so that each tooth in 
each plate shall successively come into contact at the proper 
time; but this difficulty, if it really exists, can be overcome 
by good workmanship. 

Messrs. W. Collier & Co., Salford, have for many years 
employed stepped teeth for the rack and pinion motion for 
driving the tables of their planing machines, and with com- 
plete success. 

325. The number of plates and the amoimt of step can be 
varied at pleasure ; we will see how these vary with the 
other conditions, as length of face 'of tooth and length of 
path of contact. Let P denote the pitch proper; that is, the 
distance, measured on the pitch line, from the outside of one 
tooth to the outside of the next, slb kn of the two teeth 
K N ; let ^ denote the reduced pitch ; that is, the distance 
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from tlie outside of a tootH in one plate to tlie outside of tlie 

adjoining tooth in the next plate, as A;/> of the two teeth 

Ky Lj and let n denote the number of plates. Let the fronts 

of the two teeth N and M, in the outside plates, be in the 

p 
same line ; then the pitch p = — j. Let n = 4, and P = 1^ 

inch. Then 

P 1-5 1-6 -. , 

The length of the path of contact, and the length of the faces 
of the teeth, are those due to this reduced pitch. Li practice 
it is usual to allow the teeth in each plate to overlap those 
in the adjoining ones, so as to get a stronger arrangement ; 
if, therefore, there are only four plates, and they are arranged 
as just stated in the example, tibe teeth would not overlap 
sufficiently. 

A better arrangement would be got by ma.king J9=---, so 

that if 

1*5 
n=4, and P=1'5 inch, j?=--- = -375 inch; 

and the tooth M in the last plate will be *375 inch in 
advance of the tooth M in the first plate. The other varia- 
tions, resulting from a fixed length of arc of contact, of a 
given length of face of tooth, etc., may easily be worked out 
by the student. 

We have spoken of plates in describing the foregoing 
arrangement ; in practice these plates are all cast together, 
and it is the correct arranging of the plates of each wheel of 
a pair that causes the difficulty in construction to which we 
previously alluded. 

326. Robertson's Frictional Gearing. — The use of Motion 
wheels has become more common since the introduction of 
Mr. Bobertson's system. In figs. 291 and 292 is shown a 
portion of a pair of spur wheels having angular grooves on 
the outer edges of their rims, as in the system named. Fig. 
291 is a front elevation showing the pitch circles pCfpC; 
and &g. 292 is an end elevation^ the left-hand half of which 
is in section. 



Tlie angle of the grooves is 40°, and the lengthB of the tops 
of the projecting ridges of each wheel ara equal on each aide 
of the pitch line p C. It is stated by the inventor of such 
gearing that, after being wrought for some time together and 
thoroughlj cleaned and fitted, the bite or hold of Uie surface 
is fully 1 \ times the force exerted in holding them in contact; 
and in practice, where the wheels ai-e not lees than 2 feet 
diameter, a pressure equivalent to the power required to be 
transmitted is al! that is wanted to retain the wheels in con- 
tact, and to secure the necessary adhesion without slipping. 
AIbo, that a pressure of 1^ ton is sufficient to transmit 
one hundred indicated horse-power, with wheels working at 
a speed of one thousand circumferential feet per minute. 




Fig. 291. Fig. 292. 

This system is applicable to bevel wheels as well t 
spur wheels, both external and internal. 



EZAUPLEB : 8CBEW WHEELS — WORU AND WORK WHEELS. 

In the following articles we shall wort out examples of 
the screw wheels, previously described. For the first example 
we shall tate the simple case, that of a pair of equal and 
similar wheels called spur mitre wheels ; and for the second 
example, the case of a pair of unequal wheels. After these 
we give examples of worms and worm wheels. 

327. Pair of Equal Screw Wheels in Gear,— In figs. 293 
and 294 are shown a pair of equal screw wheels in gear, and 
in figs. 1-6, Flate XXI., one of these wheels is ^owa in 
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detail ; to these figures we now refer. These wheels have 
12 right-handed teeth or threads, and as they are equal and 
similar, and their axes are at right angles, the angles of in- 
clination of the threads are equal in each wheel, so that the 
angle of inclination is 45°. The circular and the axial pitches 
are therefore equal ; that is, the circumference of the pitch 
circle and the pitch of the helix are equal ; in the example 
each is 12 inches. 




Fig. 29a 
The divided axial pitch = jj — ; and the divided 

— ; therefore each of the pitches 



12 



circular pitch = 

= ^ = 1 inch. 

Fig. 1 is an elevation pi*ojected upon a plane at right angles 
to the axis, the projections of which are marked a, aV; fig. 2 
is an elevation on a plane at right angles with that on which 
fig. 1 is projected; that is, on a plane parallel with the axis. 
On the left of ^g, 2 is shown a portion of the cylinder out of 
which the wheel has been made, and the whole length B YI 
is 6 inches long, just half the pitch. 

The cylinder 6 VI D, shown in dotted lines, is the pitch 
cylinder, and the. curved line O...VI is one-half the helix 
traced on the cylinder. In fig. 1 the pitch cylinder is repre- 
sented by a dotted circle 3 E, which is the pitch circle of 
the wheel. The square 6 VI, H, fig. 6, is a development 
of the pitch surface, and the diagonal O...VI that of the 
helix 0. . .VI. The line C « is equal fco one-half the circum- 
ference of the pitch circle, ^g. 1, and the line H VI is <me- 
half the pitch; each is therefore 6 inches. The angle of 
inclhmUon YI, H is 45^ The line H M i9 the normiU 
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pitcH of the half coil of the helix, and is di*awn from H 
perpendicular to VI, Up ia the divided circular pitch 
circmnf erenoe of circle 3 E 12 . , 

^ No. of teeth "=12=^ "^^^• 

TT • XI- J- 'J J • 1 -x T. pitch of helix 12 _ . . 
H ris the divided axial pitch = ^ of teeth ~ 12 ~ u^ch; 

H«i8 the divided normal pitch = ^^^^^ = ^55!^?|^^ 

In this example we have only drawn out one-half of the 
development of the pitches, and so we must only take one- 
half of the quantities in our calculations; therefore h r and H t 

become-g-= 1 inch, and H t= g * 

Having drawn the centre lines for figs. 1 and 2, describe 
the pitch circle o 3 E, and draw the elevation o 6 YI D of the 
pitch cylinder, fig. 2. Then draw the helix O...VI, as pre- 
viously explain^. Draw the development of the cylinder 
and of the helix, as in fig. 6, and the portion of the normal 
helix H M, which is one-half the normal pitch of the helix 
O...VI; H M is drawn from H perpendicular to VI. 
Divide H O into six equal parts Hp, etc., and divide H VE 
into six equal parts H r, etc.; join p r, then p r will be parallel 
to O VI. If more convenient, divide only one of the lines 
and obtain p or r, from which draw p r parallel to O VL 
The line p r cuts H M in ^ ; H ^ is the divided normal pitch, 
while H/> and H r are the divided circular and axial pitch 
respectively. . 

Now determine the radius of the circumference of the 
normal helix ; in this case it is equal to the diameter of the 
pitch circle ; however, the construction is shown in fig. 3, on 
the left hand of fig. 6. The angle of inclination of the helix 
being 45°, the radius of centre of the helix 0. . .VI and of the 
normal helix is the same for each, because both are inclined 
at the same angle ; the construction shown is that required 
for the radius of the helix 0. . .VL Upon the line O H mark 
off O T equal to the radius of the pitch circle of the wheel, 
and draw T U perpendicular to O VI to meet the developed 
helix VI in U; from U draw TJ D perpendicular to O XJ, 
meeting O H in D. Then O D is the radius required. With 



286 MACHINE CONSTBUCnaK AND DRAWING. 

this radius describe an arc of a circle, as P Q, fig. 3, and treat 
this arc as if it were an arc of the pitch circle of an ordinary 
spur wheel, whose pitch is equal to the normal pitch of the 
screw wheel, viz., H t, fig. 6. 

In ^g, 5 we have shown a convenient method of obtaining 
the proportions of the teeth of wheels for different pitches ; 
it is, in fact, a scale of proportions of the teeth of wheels from 
to 1 inch pitch, and of course it may be extended to any 
dimension of pitch ; its construction is as follows : — 

Draw the straight line A of any convenient length, from 
A draw A B perpendicular to A, and equal in length to 
the greatest pitch the scale is intended to include; in the ^g, 
A B is 1 inch long, for a pitch of 1 inch. From A, towardis 
B, set off the proportions of the tooth from one of the sets 
previously given in Table XIII., page 193, and mark them as 
shown. From each of the points c, d, and 6, thus obtained, 
draw lines to 0. Divide the line A into such parts as will 
give the pitch required; in the figures, A is divided into 
4 equal partfi, so that 3 perpendiculars at ^, ^, and f , are re- 
spectively ^ in., ^ in., and \ in., and the perpendiculars are 
cut by the lines drawn from c, dy and e, which divide them 
in the same proportion as that line is divided. 

Take the normal pitch H t, and draw H t, ^g. 5, equal to 
it, so that it toiiches the lines A and B and is perpendi- 
cular to A. Then H < is divided by the lines c 0, dJ 0, and 
e 0, in the required proportion for the different portions of 
the tooth. With these proportions describe the teeth as 
shown in ^g, 3, making them according to one of the forma 
already described. 

Draw the line yx 9kt right angles to the radius S2;, and 
upon it project lines from the top, pitch line, and bottom of 
the tooth Y. Now take the line yx, with the points 1, 2, and 
3 upon it, and place it so that its middle part coincides with 
the point III of the helix, ^g. 4; that is, where the projection 
of the helix and that of the axis intersect, and the line itself 
with the line y'x', which is drawn at right angles to the direc- 
tion of the helix at the point III. The line y'x' approximates 
to the normal helix, and as only a small portion of it is used, it 
may practically be considered equal to it. From 1, 2, and 3, on 
yV, ^g, 4, and perpendicular to it, draw lines to meet the line 
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y zm 1,2, and 3 ; these points give the width of the teeth 
on the top, pitch line, and bottom, for the elevation, fig. 1. 
Make the lengths of the tops and bottoms of the teeth in fig. 
1 the same as those in fig. 4; that is, make 1, 2 in ^g. 1 equal 
to 1, 2 in fig. 4. Describe circles through the points ^us 
obtained, and upon them and the pitch circle set off the 
thickness from the line y'x\ fig. 4. The tooth Y' is projected 
from the line y'x\ and the dotted circles correspond in 
diameter to those in fig. 1. We thus obtain in fig. la short 
wide tooth, which of course we could anticipate, for the teeth 
are not perpendicular to the face of the wheel, fig. 1, but 
oblique to it. 

The teeth in ^g, 2 are projected in the same way as we 
project a screw, the width of the wheel is such that one tooth 
occupies as much of the pitch circle as a tooth and a half, as 
shown by the tooth E, fig. 1. With two such wheels in gear, 
just as one pair of teeth quit contact the next pair will be 
half and half in gear, so that there will never be less than 
the halves of a pair of teeth in contact. 

328. Pair of Unequal Screw Wheels in Gear.— On Plate 

XXII. are shown a pair of unequal screw wheels in gear, the 
teeth or threads are right-handed, and their axes are at right 
angles. The smaller wheel D, ^g, 16, is the driver, and the 
projection of its axes are marked a a, a a'; the larger wheel E 
is the follower, and the projection of its axis are marked b b, 
b'. The wheel D has 6 teeth, and the diameter of its pitch 
circle is 2 inches; the wheel E has 18 teeth, and the diameter 
of its pitch circle is 2 inches ; therefore the velocity-ratio of 

A 18 
the axes A and B, A being the axis of D, is ^ = y = 3 ; 

that is, A makes three revolutions to one of B, while the 
ratio of the diameters of the wheels D and E is f- or ^. 

These wheels have already been shown in plan and eleva- 
tion, and in figs. 293, 294, we again show them in plan, fig. 
295, to which figure we now refer. The construction lines 
shown on this figure are repeated on Plate XXIIl, but for 
clearness we refer to this figure to describe the first part of 
the construction. 

Draw the projections a a and 5 5 of the axes A and B, and 
let them intersect in the point 0. From C; on the line b b, 
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and tow&rds b, mark off any conTenient lengtli C/ propotv 
tional to the angular Telocity of rotation oi the wheal E; and 
upon a a mark oSCg pn^xirtional to the angular velocity of 
rotation of the wheel D ; that ii, C/ in C 6 ia one nnit in 
length, and C y in C a is three of the same unit in length; 
j<Hn/jr and divide it in A, bo that 

fh :hg ; : radin* of D : ndiu of E; 
that is, inversely proportional to the radii of the wheels D 
and R 

Throngh C and A drsw tlie line F C F, and through C, kt 
right angles to F C F, draw G C O. 

In the case of screwi^ and 
therefore of screw wheels, it 
is important to notice that, 
for a riffht-handed screw, the 
tdiread on the hack half of tho 
cylinder appears left-handed, 
and vice versa. In the case of 
two right-handed or two left- 
handed screw wheels in gear, 
it will depend npon which of 
the two wheels we make the 
iq>per one, whether the line 
o( contact O C G- is indined, 
as shown in fig. 295, <^ not 
In this figure it is inclined 
in the wrong direction if we 
make '^e smaller wheel D 
Fig. 205. the upper one, in which case 

the point / should be on the opposite side of C towards b. 
But if we follow out this sj'atem it would entail mcce ex- 
planation, and, we think, lead to coufoaion ; therefore we 
shall simply give the one oonstmction, as shown, in the 
figure, for obtaining the lines F C F and G C O, and tihe rest 
will be clear from what is to follow. 

Having drawn the line G G G, the angle G C/ia the angle 
qf indieatvm of the threads of the screw of the whed E, 
and the angle OGg that of the wheel D. If the wheeb 
are right-handed, then draw the developments of tJie thr^^l 
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accordingly, and with the given inclinations as in the 
example to follow. The wheel D has 6 teeth and E has 
18, and the diameters of their pitch circles 2 inches and 4 
inches respectively; therefore the length of the circum- 
ference of D*s pitch circle is 2^ inches, and of E's iw 
inches. 

In fig. 295 we have made Gm = 3*1416 inches = J the cir- 
cumference of D's pitch circle, so that C m contains 3 teeth, 

and Ck = ^ — = J the circumference of E's pitch circle, 

so that k contains 3 teeth. From either ^ or m draw k I 
or mn perpendicular to G C G, and meeting it in I or m; 
divide either kl or mn into three equal parts, then one of 
these parts is the length of the divided normal pitch. The 
divided circvlar cmd axial pitches we will refer to in the fol- 
lowing example. 

829. In figs. 16-29, Plate XXII., are shown the pair 
of unequal screw wheels, partly described in the previous 
articles, drawn to a scale of one-half. Fig. 16 is a plan of 
the pitch surfaces of the wheels D and E, with the necessary 
construction lines, as described in the previous article. Fig. 
17 is a portion of the cylindrical pitch surface, larger than 
necessary, of the wheel E, showing \ of the helix; fig. 18 is 
an elevation of a portion of ^g, 17; fig. 19 is a development 
of this portion of the helix. Fig. 20 is a portion of the 
pitch surface of the wheel D, showing \ of the helix ; fig. 21 
is an elevation of ^g, 20 ; fig. 22 is a development of 20 ; 
fig. 25 is a section of the pitch surfaces; figs. 26-29 are 
plans and elevations of the two wheels. 

Draw the projections aa^^ 66^, a'h', ^g. 16, of the axes A 
and B intersecting in C, and determine the points/, g^ and h^ 
and draw the line F C F, G C G, as just described. Draw 
also the cylindrical pitch surfaces of the wheels D and E, at 
present we need not give any particular width for these. 
Now draw the portion of the cylindrical pitch surface of E, 
fig. 17, and on the left of fig. 16 draw a circle, or a portion 
of one, 6 0, fig. 18, having h' for its centre, and of the radius of 
the pitch circle of E (2 inches). From on the circle, fig. 
18, mark off 0...3, equal to ^ of the circumference of the 
pitch circle, and divide the arc 0...3 into any convenient 
2 T 
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number of equal parts, say 3. The arc 0...3 is J of the 
circumference of the pitch circle or circular pitch of the 
wheel E, and therefore contains 3 teeth. Mark o H, ^g, 19, 
equal to 0...3, fig. 18, and draw H III parallel to o Kj make 
the angle K o III, equal to the angle of inclination of the 
helix on E, equal to the angle G C/, fig. 16. From H draw 
H III parallel to o K to meet o Til in III ; from III draw 
III K and produce it to L, and complete the outline of ^g, 
17. The line o K is ^ of the axial pitch, and o H ^ of the 
circular pitch of the helix. From H draw H M perpendi- 
cular to o III, then H M is ^ of the normal pitch of the 
helix. Divide either o H or H III into three equal parts 
in q and p, draw p r and q 8 parallel to o III ; these lines 
divide H M into three equal parts. Then the lines H p, 
H r, and H t are respectively the divided circular, axial, 
and normal pitches of the helix, of which o III in fig. 17 
is^. 

Draw figs. 20, 21, and 22, which are two projections of a 
development of a portion of the cylindrical pitch surface out 
of which the wheel D is formed. The wheel D has 6 teeth, 
therefore in each half circumference there are 3 teeth ; the 
the line o H', fig. 22, is equal to half the circiunference of 
the pitch circle of D, and the angle K' VI, marked Q, is 
equal to the angle of inclination of the helix on D. The 
figs. 20 and 22 are drawn in a similar manner to figs. 17 and 
19; the letters of reference are the same with accents, we 
need not therefore repeat the construction. The lines H/>', 
HV, and H'i', are respectively the divided angular, axial, 
and normal pitch of the helix, of which 0.. .VI, fig. 20, is one- 
half. The divided normal pitches H t and H'^' are equal ; 
this must be the case in all such wheels. The divided cir- 
cular pitch H^ of the wheel E is equal to the divided axial 
pitch H V of the wheel D j and the divided axial pitch H r 
of the wheel E is equal to the divided circular pitch H j^' of 
the wheel D. The equalities just named hold in all cases of 
the same wheels with axes at right angles. 

The diameter of the pitch circle of D is 2 inches, and it 
has 6 teeth ; therefore its divided circular pitch 

2ir 2x3-1416 , ^,^« . ^ 
= -x^= 5 =1-0472 mch. 
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The diameter of the pitch circle of E is 4 inches, and it has 
18 teeth ; therefore its divided circular pitch 

4ir 4x31416 ^^« . ^ 
= jg = Ya = '^^^ ^^^^' 

The divided axial pitch of D and E are respectively '698 
and 1*0472 inch. Therefore the total axial pitch of the helix 
for D = l-0472x 6 = 6-2832 inches; and that of the helix 
for E = -698 x 18 = 12-564 inches. 

In ^g. 23 are shown two developments, figs. 19 and 22 
combined. The width of the wheels may be obtained from 
this figure ; let us say the width of each shall be such that, 
in figs. 27 and 29, the projections of a tooth shall occupy a 
pitch and a quarter, measured from centre to centre of tooth 
along the pitch circle. That is to say, just as a pair of teeth 
quit contact, the next pair will be in contact to the extent of 
^ of their length of contact. We may obtain the necessaiy 
width for a given length of contact by means of fig. 23. 
The line o H represents the circular pitch of the teeth of the 
wheel E, and the line o H' that of the teeth of the wheel P. 
o q and o q' are respectively J of o H and o H'. Upon o H 
or H' make o v equal in length to the divided circular pitch, 
and the fraction of that pitch of the wheel E or D for the 
desired length of contact in the figure o v = IJ, the divided 
circular pitch. From v draw v w parallel to o H', and w v 
parallel to o H. Then o v in o H will be the width of the 
wheel D, and ovisio'H! that of the wheel E. 

In fig. 25 is shown a quarter of the section of each cylinder 
made by the plane whose horizontal trace is F C F ; this 
plane is normal to the direction of the two helices at the 
point C, ^g. 16. The section of D is marked O...III, and 
of E, O...VI; the construction of these sections need not be 
given here, as they have been fully explained already. We 
have drawn the sections to show how near the circles N CO, 
P C'Q, whose radii R C, S C are the radii of curvature of 
the section at the point C, approximate for a short distance 
on each side of the point C, to the portion 1, 1 of the 
quarter ellipse . . . Ill, . . . VI. 

The construction for obtaining the radius of curvature 
H C'^ S C is shown in ^g, 16, and also in figs. 19 and 22; in 
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the latter, the letter o is substituted for C, and in fig. 16, C 
for C. We shall refer to fig. 16. Make C T in the axis bb, 
the radius of the pitch circle of the wheel D; from T draw 
T U perpendicular to C T, meeting F F in IT; and from U 
draw U R perpendicular to C U, meeting C T produced in R; 
then R C is the radius of curvature of the normal helix of 
the wheel D, and with this radius the pitch circle N CO is 
described. To find SC make CW in Ca equal to the 
radius of the pitch circle of the wheel E; draw W 6 perpen- 
dicular to C W, meeting F C F in 6 ; and from 6 draw 6 S 
perpendicular to C 6, meeting C W produced in S. Then S 
is the radius of curvature for the wheel E. With these radii 
describe ai*cs of circles N CO and F CQ, and set off upon 
them the normal pitch H t, ^g. 19, of each wheeL Now 
despribe a tooth and space on each of these pitch circles for 
wheels of a pitch H t, as shown at X and Y, ^g, 25, and of 
the desired form of tooth. In fig. 5, Plate XXI., the line 
HY is equal to the normal pitch of these wheels ; that is, 
Hr, ^g. 5, = H « and HY on Plate XXII. 

SSO. The projections of the wheels, figs. 26-29, are obtained 
in a similar manner to that shown in Plate XXL, and 
described when those figures were explained; and as the same 
letters of reference are employed, we refer the student to 
that example, page 287. Tfiie dotted lines, O...III, O...VI, 
figs. 26 and 28, are portions of the developed helices. In each 
of these examples we have determined the form of tooth, 
excepting as regards the particular curve given to the acting 
surfaces, and which are already described by its norTncU 
section f just as the tooth of a spur wheel is determined. 

Rankine, in Machinery and MiUwork, first edition, 1869, 
states that '^ this method of describing the threads of screw- 
gearing is believed to be now published for the first tima" 
This may be so, but we must say we saw, some 12 or 
14 years ago, wheels which were, we believe, constructed 
upon this very principle, although we do not think any rules 
of a general kind were laid down or worked upon in this 
case ; and, in addition, we arrived at the very same conclu- 
sion, that the correct way of describing such teeth was by 
means of the normal section, before we had read Rankine's 
•onstruction or seen his statements. As these wheels have 



8CBEW WHEELS. 



293 



been in use for many years, although only used occasionally, 
we think it advisable to make the foregoing statement. 

331. In fig. 296 is shown a tempkUe, which may be used 
either when turning the wooden pattern or the metal wheel 
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Fig. 296. 

The fig. represents a section made by the normal plane, F C F, 
of a cylinder, out of which the smadler wheel D is to be made, 
Plate XXII. The position of this section plane is shown 
there, as is also the line GCG, and half a turn of the helix, 
marked . . . C . . .VI. The dotted semi-ellipse III . . . C . . . Ill, 
fig. 296, represents one-half the section of the pitch surface, 
while the larger ellipse represents the section of the whole 
cylinder; the section III... C... Ill corresponds to the section 
is^own in ^g, 295. The point R is the centre of curvature, 
and the arc N C O is an arc of the circle described with the 
radius of curvature It C The tooth-like piece Z is of the 
same size as, and corresponds to the space Z, fig. 25, between 
two teeth; this, of course, is the section of one of the grooves 
that are to be cut, of which six are to be cut in' the cylinder, 
the projecting threads or teeth left being the teeth of the wheel. 
To use this template it is simply necessary to draw a line 
F C F, fig. 297, upon the cylinder, at right angles to the 
direction of the threads that have been traced or cut slightly 
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Upon the cylinder ; in the figure the position of the template 
is represented by two pandlel lines, F C F. The curve 
C VI is one-haJf a turn of the helix, and the line G C G 
is a portion of the developed helix, and it corresponds to the 
line G C G, fig. 295 ; the dotted lines p p and q q represent 
the width of the wheel D. The line a a is the centre line of 
the cylinder, and also represents the axis of the lathe, of 
which M and N are its centres. The template may have 
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Fig. 297. "* 

the piece Z movable, so that it may be replaced by pieces 
of varying size, increasing from a small piece to the full form 
shown in the figure, or two or more templates, with similar 
increasing sizes of the piece Z, may be employed. As the 
wooden patterns and the metal wheels, if they are cut and 
not cast, would be cut in a screw-cutting lathe, the helix and 
the normal helix may both be traced upon the cylinder 
which is to form the wheel by means of such a lathe having 
the necessary change wheels. 

S32. We have already stated briefly the peculiarities of 
the worm and worm wheel ; we now propose to consider the 
form of the teeth, and to give examples. In figs. 7 and 8, 
Plate XXI., is diown a worm and worm-wheel in gear. 
The worm D has a single thread, and the wheel £ has 30 
teeth ; the projections of their axes A and B are a a, a\ and 
6, h' V, It was shown by Willis that if through the axis of 
the worm, perpendicular to the axis of the wheel, we draw a 
plane, and upon that plane the teeth of the worm and worm 
wheel are described as if they were for a rack and wheel, 
then the worm and worm wheel will gear correctly. In fig. 
8 this plane is shown by its trace a /3, and in fig. 7 the 
portion of the worm and worm wheel in section is made by 
that plane. 
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In speaking of the form of teeth we Bhall filwaya refer to 
the form aa described upon the central plane a /3, fig. 8, and 
represented by the portion of the worm and worm wheel in 
aectioa in fig. 7. 

The form gi^en to the teeth may be any of those previously 
described for the rack and pinion. In figs. 7 and 8 the 
thread of the worm is rectangular, and the teeth of the 
wheel have involutes of their pitch circles for their acting 
surfaces. The outer diameter of the worm, as seen in fig. 7, 
is a tangent to the pitch circle of the worm wheel. The 
teeth, still keeping the straight line form for the worm and 
involutes for the wheel, may be similar to those of the rack 
and pinion. In figs. 7 and S the tops and bottoms of the 
teeth and the pitch surface are cylindrical ; that is, the lines 
that represent these in fig. 8 are parallel to the axis. The 
teeth are in fact similar to the teeth of a spur wheel, hut 
instead of being parallel to the axis they are inclined to it at 
the amgle of inclination of the helix. The lines farming the 
tops and bottoms of the teeth, as ff, g g, hh, fig. 8, are 
straight lines, and are portions of the developed helical lines ; 
these portions being rela- 
tively very small, they ap- 
proximate nearly to the 
true helical form. 

In figs. 298 and 299 is ' 
shown another form of tooth 
for aworm and worm wheel. 
In this case the form of the 
-teeth, as described on the 
central plane, whose trace 
is a /3, may be any of the 
forms named for those of a 
rack and pinion. The teeth, 
as seen in fig. 299, how- 
ever, are not formed by 
straight lines ; the traces 
of the tops and bottoms 
of the teeth are arcs of 

circles described &om a' as a centre, and the pitch line 
coincides with the pitch circle of the worm. 




Fig. 2 
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In fig. 298 the Tigbt-hand half 
Jb aLown in Hction, the section 
being made by the central plane 
a P, fig. 299 ; the left-hand hail is 
a projection of the outer sorface^ 
The teeth, as described on the cen- 
tral plane a fi, are similar to those 
of the rack and pinion, Plate XIL 
The teeth of the 'wonu are formed 
of cycloids for the tops, and straight 
lines for the bottoms ; and those <£ 
the irhoel, of involntee of the pitch 
circle for the tops, and radial lines 
for the bottoms. 

833. Wonn snd Worm Wheela 
in Gear.— In figs. 7, 8, and 9, Plate 
) worm and worm wheel in gear; tiie 
vorm D has a single thread and is right-handed; the worm 
wheel £ has 30 teeth and is right-handed. The pitch is 1 
inch; that is, the axial pitch rs, fig. 7, of the worm is 1 
inch, and the circular pitch pg ot the wheel is 1 inch. In 
the case of a worm and worm wheel we use the term pitch 
in the same sense as in the case of ordinary spur whe^ or 
a rack and wheel. The pitch circle of the worm coincides 
witb ite outer diameter, which is 3 inches. The pitch circle 
of the worm wheel is found by the usual formula-— 
D=--N. 




In this case D = gqjjg x 30 = 9-549 ; say 9-55 inches. The 
teetb of the woi-m wheel have involutes of their pitch circle 
for their acting surfaces, while the thread of the worm is of 
a rectangular cross section, as seen on the right-handed half 
of fig. 8. 

Having drawn the centre line, describe the pitch circle 
F C G of the wheel, and set out the centres of the teeth aa 
shown. On the right-hand side, the three teeth K, L, M next 
to the centre line H C 6 are in section, so that in setting ont 
the centres of the teeth allowance must be made for this 
drcumstouce. From C set off, upon the pitch circle, the 
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thickness of a tooth from one of the sets of proportions given 
in Art. 236, or from fig. 5, Plate XXI.; find the centre of 
the tooth, and set out the centres of the two teeth L and M. 

From C describe a portion C c of the involute of the pitch 
circle F C G, a« shown already by the construction lines. 
The acting surfaces of the teeth are foiuid by the portion of 
the involute C d. Inside the pitch circle draw a circle for 
the bottoms of the teeth, allowing clearance only, as the 
whole acting surfaces of the teeth are formed of portions of 
the involute ; the lines between these circles are radial lines, 
as shown at C. Also describe a circle for the tops of the 
teeth — ^in the present case the length of the tooth outside the 
pitch circle is equal to the thickness of a tooth, and draw the 
portions in section of the teeth L and M. 

From C mark off along C H the depth of the thread of the 
worm, which is equal to the length of a tooth of the wheel. 
Draw the end elevation, fig. 8, of the worm, and draw the 
outline of the worm, fig. 7. From C draw the curve C ky the 
construction of which is shown in fig. 9; m, fig. 9, is equal 
to half the pitch, and the curve O...VIII is a projection of 
one-half the helix. Having drawn the curve C k mark off 
from C, along N C towards 0, a distance equal to the space 
which is the same as for the wheel, and so divide the whole 
length of the worm into spaces and projections, which repre- 
sent the thread. The curves for the tops and bottoms of the 
thread are drawn as already described. 

On each side of the centre line H C 6 two teeth of the wheel 
are shown in contact with the thread of the worm, contact 
taking place in the central plane, as shown by the portion in 
section and by the dotted lines on the left-hand of the centre 
line. The worm and wheel are both assumed as turning 
roimd right-handed, as shown by the arrows, the worm diiv- 
ing the wheel. Having now drawn the worm and the mid- 
section of the wheel, we have to determine the inclination of 
the teeth of the wheel, and so complete the two figures of 
the wheel. The projections //, g g, etc., of the teeth of the 
wheel, as seen in fig. 8, are straight lines, which are the 
portions of the developed helices of the worm wheel. The 
helices may be developed in a similar manner to those for 
screw wheels ; but in the present case, where the angles of 
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inclination are at the two extremes, it is simpler to proceed 
as follows : — 

Make a triangle OPS, fig. 9, one side P 8 being equal to 
the semi-circumference of the pitch circle of the worm, which 
in this case coincides with the outer circumference of the 
worm, while the short side 8 is equal to one-half the pitcL 
The angle P 8 is the angle of inclination of the teeth of the 
wheel ; in fig. 9 the development of one-fourth of the. pitch 
circle of the worm is shown in the lower portions of the 
figure, together with the constructions for obtaining it ; the 
line 4...P is equal to the arc 4... 8. In fig. 9 the curve 
O...VIII is the projection of one-half of a turn of the helix 
forming the thread of the worm, and the straight line P is 
the development of this curve, a portion of which is employed 
for the projection of the teeth of the wheel, and it will be 
seen that as the breadth of the wheel is less than one-half of 
the line 8...P, the curve and its development nearly coincide. 
In ^g. 7, T U is equal to the width of the wheel, and the angle 
U T V is equal to the angle 8 P 0, fig. 9. Upon the pitch 
circle make u v equal to TJ V, and draw v v' parallel U> uu\ 
make v x equal to uWy and draw x x' parallel to w w\ then 
the tooth Q is complete. The dotted line a; a;' is not shown 
on the other teeth, but in making an accurate projection it is 
necessary to draw this line upon all the teeth projected. The 
distance u v may now be set off for each tooth, except for the 
three in section, where only one-half of this distance is used, 
as the section plane passes through the middle of the wheel 
In drawing the projections of the teeth in fig. 8, lines are 
drawn from w^ and u' upon one edge of the wheel, and from 
x' and v' upon the other edge, then w' and u' and oj' and v 
are joined, forming the projection of the top of the tooth. 
The bottoms of the tooth may be projected in a similar 
maimer. It is usual to join the teeth to the lim with small 
curves, in which case there would be no lines to represent the 
bottoms in fig. 8; but some of the teeth, those near the hori- 
zontal centre line passing through ft, will have lines to represent 
the width on the pitch circle, as is the case in the projection 
of a spur wheel. For example, if we project a plane of ^g, 7, 
then the tooth K would have two lines for the top of the 
tooth and two for the thickness on the pitch circle. 
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SECTION I. 
THE ECCENTRIC. 

834. The eccentric is a well-known means of converting 
circular motion into rectilinear reciprocating, but it can only 
be employed where the reciprocating motion required is very 
limited. The eccentric possesses the great advantage that it 
can be attached to the shaft without necessarily being fixed 
at one end, and without causing a break, as the crank does, 
in the length of the shaft. Plate XXIII. shows an eccentric. 
It consists essentially of a circular plate A, sometimes termed 
a sheave, which is keyed to the shaft S. The principle upon 
which it acts has been already fully illustrated; it now 
remains to explain the construction of this piece of machinery 
more fully. The centre of the sheave and that of the shaft 
are a certain distance B C apart, this is termed the eccen- 
tricity; twice the eccentricity BC ( = BD) is termed the throw. 
As the sheave is fixed to the shaft it turns with it; the motion 
is taken from the sheave by means of the strap E, which con- 
sists of a ring in halves fitting into a groove cut in the 
sheave and connected by bolts F, F. The strap does not 
turn round with the sheave, but oscillates, having B for a 
centre ; and at the same time it receives a motion in direc- 
tions B D, D B ; therefore the strap must not fit the sheave 
too tightly. At G are inserted pieces of metal or hard wood, 
by adjusting the thickness of which, compensation can be 
made for the wear between the surfaces of the sheave and 
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the strap. Attached to the strap by means of bolts, or by a 
cotter, as in the figures, is a rod H K, which transmits the 
motion to the piece to be operated upon, as the slide-valve 
of the steam engine in the example, where L is one end of 
the valve-rod. 

836. The dimensions of the several parts of the figures 
shown in Plate XXIII. are as follow : — ^The throw B D is 
2^% the diameter of the shaft S is 3^", the key T is f " x ^"y 
and it is let into the shaft V. The sheave A is 7f " diameter 
outside, 7^" diameter at tne bottom of the groove, and 2" 
wide; the width of the groove is IJ"; the thickness of metal 
round the shaft is yf^^, at ^ it is 1" thick to allow for the 
key-way ; the rim e is J" thick, and the arm y is f wide. 
The strap is 7^" diameter inside, and 8 J" diameter outside ; 
the width is IJ" bare; each half is provided with Itigs |* 
thick, through which pass bolts F f' diameter ; the distance, 
centre to centre, of the bolts, is 9 J" ; at V, on one half of 
the strap, is a boss l^'^ diameter, to receive one end of the 
rod H K ; TJ, U, are feathers ^ '''^de, whose object is to 
strengthen the connection between the boss and the strap ; 
W is a collar on the boss Y l^" diameter and f '' wide ; tie 
distance from the outside of the collar to the centre B of the 
strap is 6". The cotter Q is 3" long, -^^ thick, and ^^ wide 
in the middle ; the amount of taper in its length is ^ per 
foot ; M is an oil-cup forming part of the strap, a section of 
which is given in fig. 5; K is a hole through which the 
oil passes ; the cup is 1 J" diameter outside, and 1 J" diameter 
inside ; the tube is J" diameter, the hole J" diameter ; the 
distance from the top of the cup to the centre line is 4^ y 
the cup is provided with a cover O, which is screwed into 
the cup; the diameter of the screwed part is 1", but the 
thread is finer than that usually given for one inch diameter. 
The edge of the cup-cover is generally miUedy to allow of a 
better hold being taken when unscrewing it. The other 
dimensions may be taken from the figures. The eccentric 
rod H K is 2'...5" from the centre P to the outside of the 
collar ; the portion in the boss V is 1 J" long and y dia- 
meter ; the rod is y diameter at each end, and increases to 
1^" in the middle; the end K of the rod ir forked, and 
through it passes a pin X, connecting the valve-rod L to it ; 
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between the fork and the cylindrical portion K the cross- 
sections are rectangular and square ; a portion of the latter 
has its edges chamfered, leaving the section an octagon. The 
pin X is prevented from leaving its position by means of a 
pin which passes through the former ; between the pin and 
the fork is a washer 1" diameter and |^" thick ; the pin may 
be either a piece of round wire, or in the form of a split-pin; 
the cross-section of the wire out of which it is made is a 
segment of a circle, nearly a semicircle ; by opening out the 
halves of the pin at a it is prevented from leaving the 
hole in which it is placed. The sheave is cast-iron, the 
strap is brass, and the rod, pin, washer, and cotter, are 
wrought-iron. 

836. Fig. 1, Plate XXIII. , represents in outline the 
eccentric arrangement ; the centre line a' y' is the path of 
the valve-rod, which passes through the centre C of the shaft; 
B E D F is the path of the centre of the eccentric ; B D is 
the throw ; the positions 6, d, of the rod end correspond to 
the positions B, D of the eccentric ; 6 c? = B D. The sheave 
is shown in four positions, I, II, III, IV, whose centres are 
B, E, D, F, respectively; the variable motion obtained 
from this arrangement is similar to that obtained from 
the crank. 

837. The general problem is, given the throw of the eccen- 
tric and the diameter of the shaft upon which it is to be 
fixed, to make a drawing of the arrangement. In Plate 
XXIII., figs. 2 to 4, we have worked out the example, of 
which the dimensions are given in Art 335, p. 300. Fig. 2 
is a front elevation, fig. 3 is a plan, and fi%, 4 is an end 
elevation ; they are drawn to a scale of \, Fig. 5 shows a 
portion of the sheave and the strap, with the oil-cup in sec- 
tion. 

338. The drawing of the figures in Plate XXIII. is as 
follows : — Draw the centre lines ay, a! y',hz, cx] let C be 
the centre of the shaft; from C as a centre with a radius C B 
(one-half the throw), describe a circle B D N, which is the 
path of the centre of the sheave ; through B draw the line 
d w, this will be the centre line of the sheave and the strap. 
From C and B as centres describe the circles for the shaft, 
etc.; and from the dimensions given, and from the construe* 
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tion lines shown, proceed to draw the figures. The only 
special points to be noticed are the intersections of the oil- 
cup with the strap, of the feathers TJ with the boss V and 
with the strap, and of the boss with the strap, which are fully 
worked out in the Elementary Volume of this series. 



SECTION II. 

MACHINE TOOLS. 

Slot Drilling and Grooving Machine — Self -Acting Slide and Screw 
Cutting Lathe — Horizontal Boring and Surfacing Machine. 

339. The term machine tool denotes a machine used for 
the purpose of performing work upon some object on which 
it is intended to make a change of form. This change of 
form may be brought about by cutting, forging, grinding, 
etc. We have thus many operations and an infinits 
variety of objects to be operated upon. The very great 
improvement that has been made in mechanical engineer- 
ing during the past thirty or forty years could not have 
been eflfected, if during that time and just preceding it, 
there had not been very great improvements made in 
machine tools. 

It is within the memory of some of our elder engineers 
that the only tools they possessed were the lathe and the 
drill, and these were very primitive, indeed, compared with 
those of the present day. The first great improvement of 
the lathe was the slide rest, which has been introduced in 
various forms into many modem tools. In fact the prin- 
ciple of the slide is the basis of all our improvements. 
After the slide rest, planing machines were intnxiuced, and 
then followed slide lathes with compound slide rests, etc. 
These three tools, the lathe, the drill, and planing machine, 
have been followed by an almost indefinite number, which 
is ever increasing, and will continue to do so, as long as 
special tools are required; for it is the developement of the 
labour-saving tools that has so materially increased the ordi- 
nary tools of ten and twenty years ago. It may be safely 
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said tliat no engineering work of the present day need be 
abandoned for want of the appliances which it is the special 
work of the tool maker to supply. 

In this section it is proposed to give some examples of 
modem machinery, illustrating the more elementary exam- 
ples that have been explained in the preceding pages. For 
this purpose machines have been selected that are readily 
divisible into three classes. It would be perfectly impossible 
to illustrate every class of machines, therefore those are 
selected that seem to embrace fundamental principles, and 
which are in general use, and important to every mechanical 
engineer, and to every student of machine mechanism. In 
the first class machine tools are illustrated; in the second, 
steam engines and boilers; and in the third a steam hammer; 
after which are added a few remarks on a double-action 
steam pump. 

840. Slot, Drilling, and Grooving Machine. — Plates 
XLIL, XLIIL, XLIV. In figs. 1-6, Plate XLIL, is shown 
in elevation and plans a patent self-acting slot, drilling, and 
grooving machine, manufactured by Messrs. Sharp, Stewart, 
& Co., Manchester. It is single geared and for general 
work. As its title implies, this machine is for a special 
class of general work, such as cutting key beds in shafts, 
cranked axles, etc. ; slots for cotters in connecting rod 
ends; in the strap for the same; in piston-rods, cross-heads, 
etc., and for a variety of similar work. The drilled holes 
are generally of a longitudinal section, and are cut at one 
operation. 

Fig. 1 is a front or end elevation; ^g, 2 a longitudinal ele- 
vation; fig. 3 is a longitudinal and sectional elevation, made 
by various planes, but chiefly by a vertical plane passing 
through the centre line j3/3, fig. 1, and rjri, fig. 4. Fig. 4 is 
a sectional plan made by a horizontal plane passing through 
^ ^, ^g, 1 ; fig. 6 is a plan showing the positions of the 
elliptical wheel, etc., which moves the handstock; fig. 6 is 
a plan, partly in section, showing the gearing for moving the 
headstock. 

Plate XLIIL In this Plate is shown an enlarged end 
elevation, partly in section, the chief portions of the section 
is made by a vesical plane passing through S S, fig. 4. 
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Plate XLIV. In the two figures on this Plate are further 
details, showing principally the self-acting feed motion. Fig. 
9 is a front (partial) elevation, with portions in section, 
showing the right-hand end of ^g. 2 and the headstock; and 
fig. 8 is an end elevation, with portions removed, to show 
more clearly the part previously mentioned. The machine 
consbts of a bed supported in standards, a headstock which 
moves upon this bed, and which carries the drill spindle and 
the gearing for driving it, and a table upon which is fixed 
the shaft or other piece of material which is to be operated 
upon. The work under manipulation is stationary, and the 
drill moves with the headstock, which has a range or tra- 
verse of 21 inches. Slots of from to 12 inches long by 9 
inches deep and 3 inches wide, can be driUed by this machine 
with one operation. More than this can be done, to which 
allusion will presently be made. 

841. For the purpose of describing the several parts, two 
divisions are made, as follows : — 

Division I. The Bed, Standards, and Gearing tor moving the 

Headstock. 

Division IL The Headstock and Self-acting Feed Motion, 

I. The Bed, Gearing, etc. — The student must clearly 
understand that the same letters will be found in all three 
Plates XLIL, XLIIL, XLIY., and that they indicate, where- 
ever found, the same piece of mechanism. Where the same 
letter is employed twice on a drawing, it in one case refers 
to Division I., and in the other to Division II. The bed A is 
a cast-iron box-frame, of the form shown in the several figures; 
at each end, on the top side of the bed, is a bracket A cast 
to it (seen most clearly at the upper A in ^g. 1), these brackets 
form the bearings for the driving shaft. The bed rests upon 
two standards B B, which are connected to it by bolts and 
nuts a.,, a (fig. 3). The driving shaft C is carried by bearings 
b by this shaft has upon it ten cone pulleys D and E. The 
former is made-up of three speeds D, D^, Dg, and con- 
nected by a strap with the counter shaft from which the 
machine receives its motion; a section of this pulley, exhibit- 
ing the mode of attachment to the shaft, is shown in figs. 7 
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and 8. The shafb is maintained in position in its bearings by 
the boss of the cone pulley D, and by a loose collar c (figs. 2 and 
3), which is fastened to the shaft by a pin. The puUey E is 
also keyed to the shaft, and it bears against the other bear- 
ing 6. The pulleys D and E are further connected to the 
shaft C by washers and set screws c^Cy The shaft C carries 
another cone pulley of ten speeds connected with the feed 
motion, the pulley ha^ fixed in it a sliding key as shown in 
fig. 3, while the shaft has a key-way cut in it to receive the 
key. The pulley moves along the shaft C according to 
the position of the headstock. Besides the pulleys men- 
tioned, there is upon this shaft a bevel wheel (^g. 4) which 
transmits the motion from the driving shaft to an interme- 
diate shaft, and hence to the drill spindle. The cone pulley 
E has six speeds E,Ej^,E2,...E5, the motion from the driving 
shaft C is transmitted from this pulley by a belt to the cone 
pulley F of six speeds F, Fj-.-Fg, which is keyed on the 
shaft G; this shaft is the driving or first motion shaft for 
actuating the headstock, it is supported in bearings d d-^ (fig. 
3), cast on the standards B R The pulley F is keyed to the 
shaft G, as shown in section, fig. 3, at F. At the other end 
of G is a collar e, and a loose collar e^ on the inner side of 
the bearing d^ ; the collars keep the shaft in position. The 
cone pulley F has its six speeds so arranged that the same 
strap may be employed to connect any one of its speeds with 
the corresponding speed on the pulley E ; that is E and F ; 
E^ and F^, etc., are pairs, the sum of whose diameters are 
equaL Upon the shaft G is fixed a right-handed worm H, 
working in a worm wheel K, which is keyed on a vertical 
shaft L (see £ig. 3, Plate XLII. and Plate XLIII.); this shaft 
is carried in bearings /and ^, the former projecting below 
the bottom of the bed, while the latter is in the bar g which 
passes from the front to the back of the bed, and is in one 
casting with it, the bar carries and acts as the bearing for 
the next shaft in order. Between the bearings/ and /j, and 
keyed to the shaft L, is a spur pinion M (figs. 3 and 7) in 
gear with a spur wheel M^, which is keyed on the shaft N. 
This shaft is supported in a bearing h in the bar g of the 
bed, and upon its upper end is keyed a non-circular eccentric 
wheel O; in the figure this wheel is shown as a circular 
2 xs 
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eccentric one, which it very nearly approaches. The eccen- 
tric wheel O is in gear with an elliptical wheel F which 
forms its own shaft, and is carried in a bearing k in the bed 
of the machine; it is supported in this bearing by the cap h^, 
which is held in position by the bolts and nuts I and I (fig. 3 
and 6). The elliptical wheel P has upon its upper surface a 
disc or plate m, across this disc there is a T-headed slot m^, on 
each side of which the metal of the disc is raised, fig. 5. The 
slot m^ has its centre line in the same vertical plane that con- 
tains the minor axis of the ellipse, which forms the pitch 
line of the elliptical wheel P in all various figures; this 
centre line is at right angles to the centre line y y of the 
machine, and a vertical plane containing the centre line 
passes through the centre of the elliptical wheel and the 
wheel O which actuates it. In ^g» 6 the wheels O and P 
are shown in their two extreme positions, the elliptical 
wheel with its ijiajor and minor axis in the centre line y y, 
and the non-circular wheel with its least and greatest 
radius in the same line. The non-circular eccentric wheel 
O is made up of two equal and similar halves, and the 
circumference of each is equal to the circumfei*ence of one- 
fourth of that of the elliptical wheel P; hence P must 
have twice as many teeth as O. They are so connected that 
the least radius of the wheel O is in contact along the 
centre line yy with the greatest radius of the elliptical 
wheel P. The pitch line of the wheel P is a true ellipse, 
and it is centred at its geometrical centre, that is, at the 
point of intersection of its major and minor axis; the wheel 
O is, as already stated, a non-circulai^ eccentric one, and is of 
such a form, that for every position of the two wheels when 
in gear, the sum of the radii is equal to the distance between 
the centres. But as the ellipse which forms the pitch line 
of wheel P and all its radii is fixed, the radius for any posi- 
tion of the wheel O is equal to the distance between the 
centres of the wheels O and P minus the corresponding 
radius of the wheel P; a radius of the latter being a line 
drawn from any point in the circumference to the geometri- 
cal centre of the ellipse. 

342. The motion for actuating the headstock is trans- 
mitted from the elliptical wheel by means of a connecting 



SLOT BRILLIKO MACHINE. 307 

rod Q (figs. 3, 5, and 6), in one end of which q is fixed a bush 
n, through which passes a bolt o. This bolt has a head upon 
it which fits in the T-headed slot m^ in the disc tn, and by 
means of the nut upon it the bolt can be fixed in any required 
position in the slot, and with the bolt move the end q of the 
connecting rod Q. The other end q^ of the rod Q carries a 
connecting pin R, through which passes the shaft S, the 
pin R is attached to the end q^ of the connecting rod Q, with 
a washer and set screw. The shaft S is carried in bearings 
p and p^, formed in the bed of the machine, the bearing p^ is 
formed by a bush let into the frame. The shaft is ire& to 
move lengthwise and to turn, but both motions are governed 
by other movements which will be indicated presently. One 
end of the shaft S is squared to receive a handle for turning 
it; between the bearing p^ and the piece R the shaft is of a 
larger diameter than the other parts, and has a right-handed 
square-threaded screw Sj cut upon it of 2 J threads per inch; 
the screw terminates at the loose collar r, which is upon the 
same shaft and bears against the piece R. The shaft is 
reduced in diameter when it passes through the piece R, and 
upon the other side of this piece it is screwed to receive a 
couple of lock nuts r^ r^, by means of which, together with 
the collar r, the shaft is connected with the piece R, and 
hence with the connecting rod Q. This rod acts in a similar 
manner to the connecting rod of a steam engine, so that its 
ends must be free to allow it to occupy the position in which 
it is shown in ^g, 5, and the two extreme positions in fig. 6. 
Attached to the bottom of the headstock is a nut T (figs. 3 
and 6), through which passes the screwed portion Sj^ of the 
shaft S; this shaft, as previously stated, is free to revolve 
and slide in its bearings. When the elliptical wheel P turns, 
the connecting rod Q causes the shaft to slide in its bearings, 
and as the nut is attached to it, by the screw, the nut also 
moves, and with it the headstock. By turning the shaft S 
by means of the handle on the end «, the position of the nut 
upon the screw, and therefore that of the headstock upon the 
bed, may be raised within certain limits. We have already 
stated that the headstock has a range of 1 ft. 9 in.; this is 
made up of the crank motion, and that due to the variation 
in position by means of the screw and nut. The crank 
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motion gives a stroke of 1 2 in. ; in fig. 5 tlie disc m, which 
forms the crank and the connecting rod Q, are shown in 
these positions; the two ends of the connecting rod are 
marked y, q^y q^ ; y^, q^^ q^. Upon the raised portion of 
the disc m, and on the left hand of the slot tt^, there is an 
index a (fig. 5), by means of which the centre of the end of 
the connecting rc^ is set so as to alter the travel of the drill 
This index commences at the centre line y y, and is parallel 
with the slot m^ ; where it coincides with the line y y, it is 
marked 0, for then the centre of the end q of the connecting 
rod coincides with the centre of the disc m, which is the 
geometrical centre of the elliptical wheel, and there is no 
motion of transmutation communicated to the headstock. So 
that if the machine were in motion, and also the gearing for 
moving the headstock, there would simply be a circular hole 
drilled by the machine. But as the centre of the end q of 
the rod Q is moved outwards towards the circumference of 
the disc m, and fixed in such position by the bolt o, a slot is 
drilled, and not a circular hole; the length of the slot corre- 
sponding to the length marked on the index 8 (fig. 5); a 
pointer or a mark on the end ox the connecting rod indicat- 
ing on the index the lengtL The index is marked from 
to 12 inches, which is the length of the slot that can be 
drilled without moving the headstock by the screw S^; this 
distance is divided into inches, and these again into sixteenths 
of an inch. When a slot of a certain length, which may be 
from 0' to 12", is reauired, the pointer is set at the required 
point in the index, and the end of the connecting rod Q fixed 
there. If the gearing be now set in motion, the headstock 
will have a motion of translation along the bed corresponding 
to this required length. This motion secures the head- 
stock moving alternately in one direction, and then in the 
opposite, until the slot is completely cut 

The manner of producing ^e self-acting feed of the drill 
will be explained presently. 

343. The Table.— In the front of the bed, and in the 
centre of its length, is a casting XJ, either forming part of 
the bed or else cast separately and bolted to it. This piece 
TJ is provided with two grooves 1 1 (figs. 2 and 3), of a form 
best i^own in figs. 1 and 6, in which are fixed bolts ^^...^ for 
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connecting the bracket Y, "which carries the table W to and 
with the bed (figs. 1 and 2). Upon this piece TJ slides a 
bracket V (see fig. 7 also); the bracket is held in any 
required position by bolts and nuts t^,..t^, and it is main- 
tained in a vertical position by means of projecting pieces 
that fit in the parallel parts of the grooves t, t. The bracket 
is raised and lowered by means of a screw X, the lower end 
of which is carried in a bearing u in the frame TJ, and is 
fixed in it by the collar Uy A worm wheel Y (fig. 7) forms 
the nut for this screw; this wheel is kept from moving up 
witn the screw by the bearing v^^ v^, through which and the 
nut the screw passes. A worm Z, fastened to the shaft Zj, 
which is carri^ by the bearings w w (fig. 2) of the bracket 
Y, gears into the worm wheel Y; one end of the shaft Zj is 
squared to receive a handle/, by means of which the shaft is 
turned and the bracket Y is raised or lowered, and with it 
the table W. In the upper part of the bracket Y is fixed a 
nut X (fig. 7), through which passes a screw x-^\ this screw is 
attached to the table "W", through the front of which it 
passes by means of the lock-nuts y y and collar y^] the outer 
end is squared to receive a handle, by means of which the 
screw is turned, and the table moved to or from the bed. 
The table is attached to the bracket Y by the usual lip and 
strip arrangement (see figs. 1 and 4.) There are five T-headed 
slots z.,,z running across the table and parallel to the bed; 
these are for the purpose of inserting bolts for holding or 
fixing the piece of material, under manipulation, to the tabla 
By the vertical and hoiizontal screw motions of the table 
the shaft or other piece of work can be brought as near as 
desired to the drill, the horizontal motion fixing it definitely 
in one direction in which the slot is to be cut, while 
the other is fixed by setting the headstock by means of the 
screw S, having due regard to the motion derived from the 
disc m, 

344. The Headstock and Feed Motion. — The headstock 
is really a frame consisting of a web A, front and back 
flanges B and C, and base D, the front part a (fig. 2) of 
which forms a lip with an angular surface, which clips a 
similar surface on the bed. The bottom of the front of the 
base also bears upon two parallel surfaces on the bed, while 
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the back portion bears upon the back of the bed only ; this 
portion b (figs. 1 and 4) projects beyond the bed and forms 
a bearing for the strip b^y which is fixed to the headstock by 
the set screws c...c; the strip is forced against the bed by the 
set screws c^.„Cy This headstock carries a spindle, in which 
is fixed the drill, and the gearing for giving motion to thesa 
The headstock has a motion of translation along the bed of 
1 ft. 9 in. by the combined motion, as already explained, of 
the screw S^ and the connecting rod Q. When the machine 
is used for drilling, and the self-acting motion is in gear, the 
travel of the headistock may be any length from to 12 in., 
the reciprocating motion of the headstock being commmii- 
cated to it in the manner already explained. 

346. Upon the driving shaft is a mitre bevel wheel E 
of 28 teeth (see figs. 4, 7, and 8). In this wheel is fixed a 
sliding key which fits in a groove in the shaft The wheel 
has a collar bearing against the headstock, to which it is con- 
nected by a U-shaped bracket d, bolted to the web of the 
frame, so that the wheel slides upon the shaft when the head- 
stock moves; and the collar of this wheel also bears against a 
bush 6p fixed in the frame (see fig. 4); this bush is a bearing 
for the shaft C. The mitre bevel wheel E is in gear with 
another similar one E^, which is keyed upon the shaft F 
(fig. 4) ; this shaft is carried in bearings d^ and d^ ; keyed 
upon the other end of the shaft F is a bevel wheel G of 22 
teeth in gear, with another Gj (figs. 1, 4, 7, 8) of 29 teeth 
upon the drill spindle H. In the bevel wheel G^^ is fixed a 
sliding key e (fig. 7), fitting in a groove in the spindle, so 
that the spindle can slide up and down in the wheeL The 
wheel has a long bossy which fits the spindle; the lower end 
of this boss is screwed, and upon it are two lock mita/^fy 
This boss is slightly conical, and fits in a brass bush g, which 
again fits in the projecting part a^ of the frame. This bush 
is bored conically to receive the boss of the bevel wheel, and 
is maintained in its position, in the frame, by the nuts ^^ ^^; 
its position may be raised, by means of these, so as to com- 
pensate for wear. When the spindle revolves it also turns 
the bevel wheel G, and at the same time the spindle is free 
to move up and down in the wheel The piece of metal h, 
in the front of the boss a^, is simply a plug to fill up the 
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bole made in it for boiing out the bearings for the shaft F, 
and for the purpose of fixing that shaft in position. 

The spindle H (fig. 7) is bored at its lower end to receive 
the shai^ of the drill K, the drills will be referred to later 
on ; this shank is slightly tapered for a portion of its length, 
the end being parallel and screwed to fit in the screw 
portion h^ of tiie spindle. The lower part of the spindle H 
is of larger diameter than the upper, and it passes through 
the bevel wheel G,, as before mentioned, to which it is con- 
nected by the sliding key e fixed in the wheel The sliding 
motion of the spindle is produced by a rack and pinion move- 
ment. A hollow spindle L fits upon the portion H^ of the 
drill spindle, and this spindle has cut upon its back surface 
a rack M which is in gear with a pinion M^ The drill 
spindle is free to revolve in the hollow spindle L, which 
motion it receives from the bevel wheel G^ ; the spindle Hj^ 
passes through the spindle L, and its end is screwed to receive 
a couple of lock nuts k h, below which there is a washer 
bearing upon the spindle L; at the lower end of L, and 
between it and the larger diameter of the drill spindle, are 
two steel washers 1 1, against which the portion H of the 
spindle bears. The wear caused by the rubbing contact of 
the surfaces of the spindle H with the washers I and I, and 
of the upper one with the spindle L, and that between the 
upper surface of the spindle aud the washer between it and 
the lock nuts, is compensated for by the lock nuts k and k, 
allowance 'being made in the upper part of the spindle H for 
this. The hollow spindle L is carried in a bearing l^, which 
is part of the headstock frame; in front of it is fixed a 
pinching screw m which forces a small brass disc against the 
spindle, for the purpose of taking out any shake or back-lash 
that may be produced by wear. The rack pinion Mj is fixed 
in a space formed in the frame behind the rack, and on each 
side' of it is a bearing through which passes a shaft N; this 
shaft is caused to rotate with two motions, both of which, 
however, act through the worm and worm wheel O^ and O 
(tigs. 7 and 8), which will now be described. 

346. It has already been shown that the drill spindle 
receives its rotary motion from the bevel wheel Gj, and its 
motion of translation, whether downwards or upwards, is 
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transmitted by tbe rack and pinion ; the downwards tnofcion 
of the spindle, and therefore of the drill, is usnallj desciibed 
as the feed motion, and it is to this that we shall now refer. 
Upon the rack pinion shaft N (figs. 2, 7, 8, and 9) there is a 
worm wheel O which is firee to turn upon the shafts; on one 
side of this wheel is a plate connecting the rim and boss, and 
on the other it is open, and its inner circumference is turned 
conical, into which fits a cone n (see ^, 9). This cone 
is keyed to the shaft N, so that by forcing it into the hollow 
cone of the wheel O the two are connected by the friction 
between their surfaces; the pressure to produce this friction 
is given by turning the hand wheel o, the boss of which 
forms a nut and fits upon the screwed end of the shaft N. 
The boss of the hand wheel bears against that of the cone n, 
and by turning the hand wheel in a right-handed direction 
the cone is forced into the hollow cone of the worm 
wheel O, which is thus connected to the shaft. By turning 
the wheel o in a left-handed direction, the cone is free to 
separate from the worm wheel, which separation is aided by 
a spring n^ fixed in the cone n, with its ends pressing against 
the plate of the worm wheel O; when this wheel is connected 
to its shaft the feed motion is acting, and mce versd when it 
is disconnected. This wheel gears with a worm O^ (figs. 7 
and 8) keyed on an inclined shaft P, carried by bearings p and 
jt?i, the latter forming part of the base D of the frame. The 
shaft P receives motion from one of two sources, according to 
the class of work to be dona 

(1.) Upon the shaft P, and in contact with the lower bearing 
jDj, is keyed a worm wheel Q (figs. 3, 7, 8, 9) which is in gear 
with a worm Qj ; this worm is fixed upon a short shaft q car- 
ried by the bearing q^ On the other side of the bearing q^, 
which is cast on the frame, there is a cone pulley R of two 
speeds, in which is fixed a handle r for working by hand 
(hg. 2). Upon the driving shaft C there is a cone pulley R^ 
of two speeds, in which is fixed a sliding key, so that the 
pulley is free to slide upon the shaft and to rotate with it. 
A strap connects the two pulleys R and R^, by this means 
the motion from the driving shaft is transmitted to the shaft 
q, then by the worm and worm wheel Q^ and Q to the shaft 
P, and hence by the remaining gear to the drill spindle. 
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"When this feed motion, which is independent of the one to 
be next described, is not required the strap is taken off the 
polleys E and B,. By means of the handle r the feed may 
be hand- worked if desired; in addition it may be used as a 
means of raising the drill spindle, but this is usually done 
by turning the hand wheel Y (fig. 2) on the Bhaft H to which 
it is attached. 

(3.) The second method of feed ia the self-acting one, and 
the one employed for drilling slots for cotters, etc. This 
feed is given simultaneously with the reversal of the trans- 
Terse motion of the headatock; that is, the feed is given at 
the instant the end of the slot is reached, and just aa the 
drill begins to return along the slot. Commencing at the 
shaft F; upon the lower end of this shaft, and below the 
bearing ^,, ia keyed a bevel wheel T, which ia in gear with 
another bevel wheel T, (fig. 9) keyed on the nh^ U (see 
figs. 7, 8, and 300). Tlua shaft is carried in bearing ss, 




Ftg.30a 

in the ends of the bed ; on the inner ude of one of these 
bearings s is fixed a loose collar r,, which prevents the shaft 
moving outwards. The bevel wheel T^ is carried by a bearing 
t, which ia attached to the under side of the base of the head- 
stock by screws tit,; this wheel is free to revolve in its 
bearings, and in it la fixed a eliding key which slides in the 
keyway in the shaft. Outside the bearing a (figs. 8 and 9) 
there is a ratchet wheel Y keyed on the shaft XJ, and beyond 
the ratchet wheel, on the same, is a lever W, which carries 
the paul or catch u for working the ratchet wheel ; this lever 
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is free to turn on the sliafb, and is kept in position by a washer 
and set screw. If when the catch i6 is in gear with the ratchet 
wheel, as shown in fig. 300, the lever W" is raised, the shaft 
is turned in its bearings, and the motion is transmitted hj 
the bevel wheels T and T^ to the shaft P, and hence to the 
drill spindle and drill. In the lever W there is a slot v, in 
which is fixed a pin v^; this pin carries one end of a rod w, 
the other end of which is carried by a pin w^ fixed in the 
slot X of the lever Wy The lever Wj is bell-cranked, but 
its arms contain an angle greater than a right angle ; it is 
carried by a stud fixed in the bed, upon which it is free to 
turn, and is kept in position by the washer and nut a^. The 
other end of this lever is forked, in the fork is fixed a piu t/, 
which carries a bowl or roller X ; on the under side of the 
disc m of the elliptical wheel P, there is a tappet, of the 
form shown in figs. 8 and 9. The roller X is placed in the 
path of this tappet, as it revolves towards and over that 
portion of the centre line YY, which lies outside the end of 
the bed at which the arrangement is fixed. In the position 
shown in fig. 8 the roller and tappet are in contact, and the 
centre of the latter is in the centre line y y. The centre 
line of the lever, to which the roller is attached, has been 
moved through the angle shown by the radial lines ; by the 
time the tappet leaves the roller this centre line will occupy 
the extreme position shown by the outer radial line. The 
extent of angular motion of the end containing the slot x of 
the lever W^ is also shown by radial lines, as is also that of 
the lever W for the position of the rod w shown. By varying 
the position of the rod in one or both the slots on the levers 
W and Wj, by moving the pins v-. and w-^ a greater or less 
angular movement of the lever W can be obtained, and by 
this means the amount of feed increased. In fig. 300, the lever 
W and the ratchet wheel and catch are shown, drawn to a 
larger scale. When the tappet X^ releases the roller X the 
centre of the roller occupies the end of the radial line, near 
the centre line /3 )S, while the other end descends into a hori- 
zontal position, and with it moves the lever W. This move- 
ment of the lever causes the catch u to slip over the teeth of 
the ratchet and take up a new position ready for the next 
upright motion of the lever. When this self-acting motion 
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is not required, all that need be done is simply to throw the 
catch u out of gear with the ratchet wheel. The various 
details and kinds of motion communicated to this machine 
have now been described. To complete the task, figures are 
added to show some of the kinds of work that are done by 
the machine, and the forms of drills used. 

347. Drills. — The drills used in slot drilling differ from 
those used in ordinary drilling, the latter have two angular 
cutting edges employed when drDling circular holes; this 
form of drill is unsuitable when used for slot drilling, on 
account of the compound motion of the drill. In figs. 301 
and 302 is shown a simple forked drill, which is fiie one 
most commonly employed, and is used for "roughing out." 
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Fig. 1 303. 




Fig. 306. 



Fig. 307. 





Fig. 302. Fig. 304. Fig. 306. Fig. 308. 

Fig. 302 is a plan of the cutting edges. Another form of 
" roughing out " drill, for large slots, is shown in figs. 303 
and 304, the drill in this consists of two steel cutters a and b 
fixed in a socket c, to which they are secured by pinching 
screws d d. Fig. 304 is a sectional plan taken through ef. 
The cutters a and b can be taken out of the socket c for the 
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purpose of grinding and setting. This drill can be adjusted 
to cut different^ized slots. After the roughing out has been 
tJone a finishing drill may be employed if desired, two of such 
drills are shown in figs. 305-308. The figures 305 and 306 
represent a umple rose drill for smaU-sized slots and narrow 
Borfaces, the drill is in one piece, and the cutting edges are 
cut upon its lower surface, of which fig. 306 is a plan. In 
figa. 307 and 308 is shown a rose drill for finishing large 
slots and surfaces, surfaces of a width not greater than the 
diameter of the drill. This drill has a loose cutter a keyed 
to the lower end b. The form of the cutting, surfaces are 
similar in each. Fig. 308 is a plan of the cutter showing 
the cutting edges. 

348. Specimens of Slot Drilling. — la the following 
figures are given a few examples of the work executed by 
this machine ; they of course only represent a fraction of the 
uses to which it may be employed, but at the same time they 
are characteristic examples, and give a good idea to those 
unacquainted with the machine. The surfaces and slots cut 
are represented by diagonal lines in tlie several figures. Fig. 
309 is a connecting-rod strap, in which the slots a and b 
have been out, also the oil cup c 




Fig. 310. Kg. 312. 

Fig. 310 is the forked end of a rod forged solid, the inner 
portion a being cut oat by slot drilling. 
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Figs. 311 and 312 are plan and sectional elevation of a 
step for a pedestal, in which are cut two oil ways, a and b. 
The flat parts c and d are also surfaced by the drilL 

349. Lathes. — ^A lathe in its simplest form consists of a 
pair of headstocks, a rest, a bed, and standards for support- 
ing the bed. A lathe of this simple description is shown in 
fig. 313. The fast headstock is marked A, the loose one B, 
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Fig. 313. 

and the rest C, the bed D and the standards E E ; the line 
FE is the centre line or common axis of the lathe; that is, 
the spindles of the two headstocks have this line for their 
common axis ; this line must be level and the bed parallel 
with it. The loose headstock can be moved along the bed 
towards or from the fast headstock ; the groove in the bed 
along which it moves and the line F F are parallel. With 
such an arrangement objects can be turned or bored to a 
cylindrical, conical, or spherical form, or a combination of 
these. The rest C supports the tool of the operator, which 
in this case is a hand tool, as the lathe is a simple single- 
speed hand lathe. 
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The fast headstock A consists of the frame a a, which 
carries the spindle or mandril b ; this spindle is supported 
by bearings c and d at each end of the frame ; the front 
bearing c is conical, and therefore the front neck of the 
spindle is conical, but the other portions are cylindrical 
At the back or tail end of the spindle ihere is a tail pin 0, 
to receive the thrust transmitted by the spindle when the 
lathe is in use, this tail pin is carried by a small bracket /, 
which is part of the frame A; the nuts keep the pin in 
position. The nose end of the spindle, that end to the right 
of the bearing c, has a collar h, and in front of this collar 
the spindle is screwed to receive the face plate k, this end of 
the spindle is bored out to receive the centre I, 

The bearings are turned cylindrical, and fit in cylindrical 
apertures in the frame A, each end of the bearings is screwed 
and provided with a nut, for the purpose of regulating the 
position relatively to the frume. On the spindle b is keyed 
a cone pulley w, of four speeds, so that, with an ordinary 
countershaft, the lathe can be worked at four different speeds, 
depending upon the kind of material to be operated upon 
and the size of the object to be turned. The face plate k is 
provided with a stud n, the object of which is to transmit 
the motion of the spindle to the work under operation by 
means of a carrier which is attached to the work or to the 
mandril The frame A, the pulley m, and the face plate kj 
are of cast-iron, the spindle b may be either of wrought-iron 
or steel or Bessemer steel, the tail pin 6 is of wrought-ii'on 
steeled at the end next the spindle, the stud n and the 
washers are also of wrought-iron. The centre ^ is of steel. 
The bearings c and d may be either cast-iron or brass. The 
parts B, C, D, and E need no further description, as these 
parts will more particularly come under discussion presently 
in another part of this chapter. 

350. Slide and Screw Cutting Lathe.— Plates XXX., 
XXXI., XXXIL, XXXIII. These Plates must all four 
be studied together in this section. Figs. 1-4 are front 
elevation, plan, and end elevation of a 7-inch self-acting 
slide and screw cutting lathe, made by Sir J. Whitworth & 
Co., Manchester. Figa 5-20 are details of the same. In 
^g. 2 the back shaft is shown out of gear. 
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The lathe has the following main parts : — ^A fast and loose 
headstock, a compound disc, rest, and carriage, with bed 
and supporting standards ; for the purpose of describing its 
several parts the following divisions — L, 11. , III., and IV. 
respectively — are taken, corresponding to the parts just 
named. The gearing and means for producing the self- 
acting movement will be described in division V. On the 
Plates will be found the Eoman numbers I., II., III., and 
rV., referring to the divisions just made ; bearing this in 
mind, it will be seen that on fig, 1 there is IV. on the bed, 
and two A's above this ; on the carriage are two more A's, 
and still above III. The latter A's refer to the third divi- 
sion, the former to the fourth. Bearing this well in mind, 
that each division has its own letters, no confusion can 
happen. 

351. I. The Past Headstock— Plate XXXI., ^g. 5. 

The headstock is fixed at the extreme left-hand end of the 
bed ; it carries the spindle and gearing for giving motion to 
the work that has to be operated upon. 

The lathe is a double-geared one, so that there are two 
shafts in the headstock, the spindle A and the back shaft B 
(fig. 2) ; they are carried by the frame C (fig. 5). The spindle 
A is in the common centre line of the lathe, and is carried 
in bearings D and E ; upon this spindle are the cone pulley 
F and spare pinion G, and a spur wheel H, all between the 
bearings. Outside the bearings there is the spindle nose /, 
carrying a face plate K, and attached to the face plate is a 
Clement's driver L ; projecting from the spindle nose is the 
centre M; at the other end of the spindle there is a wheel N, 
for the purpose of transmitting motion to the gearing V, which 
produces, by the aid of the screw, etc., the self-acting motion 
of sliding, surfacing, and screw-cutting. The spindle A 
varies in diameter and form ; the necks, supported by the 
bearings D and E, are conical, and both of them decrease in 
diameter towards the tail end ; the portion a, between the 
screwed part b and the bearing D, is cylindrical. Outside 
the bearing D is a collar e, against which is screwed the face 
plate K ; the nose/ has a thread cut upon it to receive this 
face plate. The spindle nose/ is bored taper to receive the 
centre M^ and a further portion of the spindle^ from the 
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taper-Hole backwards, in bored to receive a cylindrical pin g, 
behind this pin is another pin h ; passing through the back 
of the pin h and through the spindle, is a cotter k. When 
the centre M is required to be removed, the cotter k is forced 
sufficiently through the spindle to drive out the centre. 

At h the spindle is screwed, and upon it are a pair of 
lock-nuts II, in contact with the bush bearing R ; these nuts 
receive the end-thrust of the spindle, and throw it on to the 
frame C. In front of the lock-nuts H is a washer m, filling up 
the space between the nuts and the pinion G \ outside the 
bearing K is a washer n and a pair of lock nuts o o, which 
prevent the spindle leaving its bearings and going forwards. 
At p there is keyed a wheel N, which transmits the motion 
to the gearing Y ; as this wheel is often removed, to allow 
for others of a different number of teeth being employed, it 
does not fit tightly upon the key, and therefore, to keep it in 
position, a washer and set screw are employed; the set screw 
is screwed into the tail end of the spindla This method of 
keeping a wheel or pulley in position is adopted in several 
places in this lathe. 

The bush bearings Q and R of the spindle have conical 
inner and outer surfaces, and they fit tightly in corresponding 
apertures in the frame C. Any back-lash that arises firom 
the wear of the bearings, of the spindle and bushes, is com- 
pensated for by regulating the lock nuts 1 1 and o o. 

Upon the spindle is keyed a spur wheel H; adjoining this 
wheel is the cone pulley F, which has attached to it by pins 
(shown in fig. 5) the spur pinion G ; the pulley and pinion 
run loose upon the spindle. The cone pulley has four speeds, 
F, F^, Fg, and Fg ; F3 is solid, and forms, together with the 
projecting portion q, one bearing; the front bearing r is 
attached to a plate «, which fits the speed F, and is fastened 
to it by means of countersunk screws. Upon this plate are 
two projecting pieces tt (see figs. 16-18), each provided with 
a groove to receive the head of the bolt u, the one most con- 
venient being used. In the rim of the spur wheel H is a 
groove V, in which is fitted the bolt Uy this bolt can slide 
along the groove v, so as to be connected with or discon- 
nected with the plate 8 ; in ^g, 17 it is shown partly in the 
groove of one of the pieces t In figs. 16, 17, 18 the bolt is 
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sLown in position for connecting the wheel and pulley. By 
mean of this bolt the wheel H and the pulley F (fig. 5) can 
be connected so as to drive single gear. 

From the ends of the frame C, and projecting backwards, 
are arms w w^ (figs. 2, 3, and 4), carrying the back shaft B, 
upon which is placed the spur wheel O and the pinion P ; 
these can be thrown in and out of gear with the pinion G 
and the wheel H respectively. There are two grooves x a?, 
of a semicircular cross-section, cut in this shaft to receive a 
pin y, which passes through the arm w and secures the shaft 
in one or two of the two positions, in or out of gear, according 
to cii'cumstances. Both wheel and pinion, O and P, are keyed 
to the shaft B. When the back shaft is in gear (as shown 
in figs. 1 and 5) the connecting bolt u is drawn out of the 
groove in the plate «, and so the pulley is free to revolve 
upon the spindle; as the pulley revolves it transmits its 
motion to the pinion G, which is in gear with the wheel O 
on the shaft B; the motion from the pulley is therefore 
transmitted to the back shaft, the pinion P or this shaft 
being in gear with the wheel H, and the motion is transmitted 
to the spindle A. The face plate K is screwed on the nose 
end of the spindle ; attached to it by means of bolts z z, fig. 
19, is the Clement's driver L, in which are screwed two 
studs, L^ and Lg, these studs are for the purpose of trans- 
mitting the motion to the object operated upon, or to a 
carrier attached to that object. An enlarged front elevation 
of the Clement's driver is shown in ^g. 19, Plate XXXIII. 

The number of the teeth, etc., in the gearing are as fol- 
lows: — The pinion G has 16 teeth '6875 inch pitch; the 
wheel H has 48 teeth '6875 inch pitch ; the pinion P and 
the wheel O are simDar to G and H respectively. The form 
of the frame C is fully shown in the various figures; at 
each end there is a projecting piece C^ (C^), fitting the groove 
in the bed; connecting this piece is a web Cg (Cg), the object 
of which is to strengthen that part of the frame between the 
bearings ; the headstock is kept in position by the set screws 
H and K, IV, fig, 5. Nearly the whole of the headstock is 
in section for the purpose of showing the several parts. 

352. II. The Loose Headstock — This headstock is at the 
right-hand end of the bed; and is seen in position in fig« 1; 
2 X 
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but the remarks that will be made will chiefly refer to figs. 
6, 7, and 20. It consists of a frame A, and spindle B (fig. 
6), screw C, and hand wheel D for moving the spindle, centre 
E, locking arrangement E, etc. Forming part of the frame 
and concentric with the common centre line a (3 is the barrel 
G, which is bored to receive the spindle B. The left-hand 
portion of the barrel extends beyond the front portion of the 
frame for convenience in working the lathe. The right-hand 
end of the barrel is bored a little larger than the other part 
to receive a bush a, which is attached to it by set screws &^ 
The spindle B is hollow, the front end c is bored taper to 
receive the centre E, the back portion d has a thread cut in 
it, forming a nut for the screw C. This screw has a left- 
handed square thread, of six threads per inch, cut upon it; 
e is a collar on the screw which bears against the bush a; 
the remaining portion / passes through the bush, outside of 
which is the hand wheel D, which is keyed to the portion/ 
of the screw, ^ is a washer, and k a set screw for fixing the 
band wheel By turning this wheel the spindle is moved 
backwards or forwards according to circumstances. A left- 
handed screw is employed. By turning the handle p the bolt / 
can be made to force up or relieve the griping piece q, accord- 
ing to the direction in which it is turned (see &g. 20). The grip- 
ing piece q has an inclined surface similar to that on the bolt 
with which it is in contact; the upper suiface is cylindrical, and 
of the same curvature as the spindle B. The space between 
the end of the spindle and collar e of the screw is greater than 
that between the other end of the screw and the inner end of 
the centre E, so that by drawing the spindle completely in, the 
centre of the spindle may be found out, which it is necessary 
to do at times. The spindle has simply a motion of transla- 
tion, and is prevented from rotating by the key k, which is 
let into the barrel, and has its head projecting into the groove 
in the spindle. For the purpose of preventing any motion 
of the spindle when the lathe is in use, a griping or locking 
arrangement F is employed; this is shown in fig. 20, with a 
section through S^ P^, fig. 6, A bolt I, having an inclined 
surface m, passes through the headstock, and at right angles 
to the centre line a j3; one end n of this bolt is screwed^ and 
has upon it a nut o with a handle p attached to it. 
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The handstock can be moved along the bed to any desired 
position, and when in position it is fixed by means of the 
bolt arrangement H, ^g, 6 ; at each end of the bottom of the 
frame is a projecting piece K, which fits the groove in the 
bed. Fig. 7 is a section through SP, showing the barrel 
spindle, and groove in it for the key k and the screw. 

853. III. The Carriage and Slide Rest.--The following 
description refers chiefly to Plate XXXII., with a few refer- 
ences to XXX. and XXXIII. The carriage consists of the 
saddle A and C, figs. 1-4, which supports the slide rest. This 
saddle marked III rests on the bed, see fig. 9, and is connected 
with it by the strips B and B, which are attached to the saddle 
by set screws. Above this is the top part E of the slide which 
carries the nut D; attached by set screws to the slide E is 
the top slide, or simple slide rest ; the compound slide rest 
consists of the slides C, E, F, G, the lower portion of which 
is marked F and the top G, and the screw for moving G is 
H. On the right of the screw D is a shaft K (figs. 10 and 
12), upon which there is a bevel pinion L, and a spur wheel 
M; the wheel M gears into a smaller spur wheel N, fixed on 
the end of the sc»^w D. Upon a vertical shaft O (fig. 12) 
there is a bevel wheel P in gear with the pinion L ; on the 
lower end of this shaft is fixed a worm wheel T, gearing into 
the main screw S of the lathe. On the left-hand side of the 
saddle is the nut box P, and the motion for throwing the nut 
K in and out of gear, see ^g, 13; this motion is actuated by 
the handle Q. ^e worm wheel T is in gear with the screw 
S, and when the screw revolves the wheel also revolves and 
turns the bevel wheel P, which is upon the same shaft as the 
worm wheel. The wheel P drives the pinion L, which in 
turn drives M and then N, with which it is in gear; the 
wheel N being fixed upon the screw D causes it to revolve, 
and so moves the slide E, by means of the nut attached to 
it. When this transverse motion is not required, the wheel 
N is thrown out of gear by sliding it upon its shaft into the 
position Nj. 

When the longitudinal or sliding motion is required, the 
nut it is thrown into gear with the screw S, and the carriage, 
etc., is made to travel along the bed, either right or left, 
ftccoi'ding to the direction in which the.spin41e is rotating. 
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By tlirowing the wheel N out of gear, and putting the handle 
d or another handle upon the shaft K at k, the bhaft K can 
be made to rotate by hand and turn the bevel pinion L, and 
so transmit the motion to the worm wheel T, which may 
now act as a pinion upon the screw S, in a similar manner 
as a pinion acts on a rack, and thus the carriage may be 
moved along the bed independently of the self-acting motion. 
The bottom slide E (see fig. 8) of the compound slide rest 
may also be moved along tiie slide C by turning the handle 
d, but the wheel N must be first thrown out of gear. 

854. The nut and nut box is shown more clearly in figs. 
12-15. Fig. 12 is partly in section, but the pcwta in section 
are not made by same plane. There 81*0 three planes employed; 
one passing through the bed to expose the screw, and one 
through the slides C and E, and another through the boss 
that carries the worm wheel shaft. Eig. 13 shows the bed 
and screw in section. Fig. 14 exhibits the screw-nut and 
pins that carry the nut in section. Eig. 15 is a plan of the 
top piece TJ, and the top half of the nut. Projecting down- 
wards from the saddle A are two pins F^ and F^, which form 
the framing of the nut box; in this box are pieces U and TJ, 
the ends of which, u u (fig. 14), carry the nut B., which is in 
two pieces. The pieces TJ TJ are connected to the nut box 
by pins p and p. The nut is thrown in and out of gear with 
the screw by moving the handle Q; in the figures the nut is 
out of gear; if now the handle Q is pulled towards the front 
of the lathe, that is, outwards, the lever W is turned through 
an arc of a circle, and as the lever is keyed to its shaft w, 
the shaft is also turned round; keyed to this shaft, and 
working in the groves v and v (fig. 14) of the pieces TJ TJ, 
is a plate X, in which are two circiUar slots x x; these slots 
are not concentric with the shaft w; in each slot is a pin y, 
the end of which is fixed in the piece TJ. In fig. 14 the 
pins y and y are at the ends of the slots x x farthest from 
the centre of the shaft w. It is therefore clear that when 
the plate is turned in the direction indicated by the arrows, 
and the pins occupy the other ends of the slots, they will be 
nearer to the centre w, and therefore B. and R will close 
upon S, or come nearer together. The whole is so adjusted 
that the change of position of the pins y and y will bring th^ 
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nut into gear with the screw. By pushing the handle Q 
backwards, and then turning the lever W into the position 
shown in figs. 13 and 14, the nut is then out of gear with 
the screw. 

855. To return again to the compound slide rest. The 
slide E, tigs. 8 and 9, cames the slide F, and these are con- 
nected by set screws e e ; the bottom portion of the slide F 
has two circular slots // in it (see ^g, 11), through which 
pass the screws e e. By means of these slots, the slide can 
be turned round its centre c, the angle through which it is 
turned being limited only by the length of the slots//. In 
the upper portion of the slide F there is a screw H, on one 
end of which there is a collar and a squared portion to 
receive a handle for turning the screw, and thus moving the 
slide G; at the other end are a pair of lock nuts. The screw 
H works in a nut g attached to the slide G; this slide is 
provided with the usual strip arrangement, and in the upper 
portion of it there are four bolts, »...«. The bolts I.,. I, two 
only being used at one time, together with the plates m m 
and the nuts n...n, hold the tool o in position. A slide rest, 
differing from this only in details, is shown in section on the 
plates of the boring machine. 

856. IV. The Bed and Standards.— These are best seen 
in Plates XXX. and XXXIL, to which the following remarks 
are almost entirely confined; and on the different Plates the 
bed and standards are marked IV, and there only must the 
references be sought The bed consists of a hollow box-frame 
A, open, except at intervals, at the bottom, and with an open 
space or groove in the top; a cross section through S P, fig. 1, in 
direction W X, is shown in ^g, 3, .and one in direction X W 
in ^g. 9. The standards B B are in the present case two in 
number, one on each end of the bed, and are of such a length 
as to bring the common centre a /3 of the lathe to the proper 
elevation for a workman of ordinary height. These standards 
are connected to the bed by means of bolts; a cross section of 
one leg is seen at c, fig. 3. The bed is strengthened by three 
bars D, of the form shown in figs. 8 and 9. The top surfaces 
of the bed, and also the angular surfaces, against which bear 
the strips B and B, are planed and surfaced to receive the 
carriage A carrying the slide rest. Inside the bed; and pro- 
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jecting ihroagh each end, is the main or r^^olating gcrew S 
(see fig. 6) ; at the right-hand end it is supported in the bear- 
ing E, and is maintained in position by the lock nuts b and h; 
at the left-hand end it is supported by the bearing F, fig. 5, 
a portion of which extends beyond the end of the bed, and is 
marked G. Attached to the {»x)jecting bearing G is the swing 
frame A, fig. 4, which carries the change wheels, etc The 
fast headstock is attached to the bed by the two set screws 
H and K, as shown in fig. 5 (IV). The loose headstock 
can be moved along the bed to any required position, and 
then firmly connect^ to it by the bolt arrangement H, fig. 6. 

357. v. The Screw and Self-acting Motion. — We now 
proceed to describe the mechanism that produces the self- 
acting motion for sliding, surfacing, and screw cutting. The 
references are chiefly to tig. 5 ( Y, Y). Bepeating a little : the 
regulating screw S passes through the bed, and is supported 
by bearings E and F, which are part of the bed. The bear- 
ing E, ^g. 6, terminates in a facing a just outside the bed, 
and in contact with the facing is one of the two lock nuts 
b and b, which keep the screw in position, and prevent it 
moving lengthwise. The bearing F (fig. 5) projects beyond 
the bed, and forms a bearing for the swing frame A (it is 
marked G and c.) The screw is enlarged where it passes 
through the bearing F, and at d there is a collar upon it ; 
this collar bears against the end c of the bearing F, and also 
enters the central portion of the swing frame. The swing 
frame is maintained in any required position by the set 
screws e a.ndf. These screws fit in circular grooves in the 
frame (see &g, 4), so that by loosening them the frame can 
be turned about its centre W. The swing frame has two 
gi'ooves, g and h, in it (fig. 4), which are parallel to the 
common centi'e line; in each groove is fixed a stud for the 
purpose of caiTying the change wheels. Only one stud, G, 
is shown in use in the figure, the other is marked H. By 
loosening the nuts at the back of the frame, these studs can be 
moved to any required position, according to the size of the 
wheels employed. In the figure the swing frame is shown 
in a position that will not allow of the back shaft to be used ; 
if it be necessary to use this shaft for such a position of the 
swing frttme, then the frame can be inclined to the right 
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instead of to the left In ^g, 5, V, to the left of collar is 
a washer k, and then a spur wheel K, keyed to the end of 
the screw, and in gear with a pinion L on the stud G. The 
wheel K and the pinion L are each connected to the shaft 
that carry them by means of a washer and set screw I, m, 
as before mentioned. Upon the stud G, and between the 
pinion L and the frame A, is a wheel M in gear, with the 
pinion N on the end p of the lathe spindle A; this wheel 
is keyed to the stud G. It has now been shown how 
the regulating screw S and the spindle A are connected. 
To these two revolving pieces, A and S, can be given any 
required velocity-ratio, by simply raising the wheels forming 
the train N, M, L, K ; and as the thread of the screw S is con- 
stant, this velocity-ratio determines the rate of motion of the 
tool, and therefore the pitch of the screw which is to be cut. 
Before describing the change wheels as arranged for cut- 
ting any particular pitch of screw, it is well to trace the 
screw to its connection with the nut, and also with the worm 
wheel, etc., for producing transverse motion. The motion of 
the spindle, whether it be in single or double gear, is trans- 
mitteid to the screw S by the train of wheels N, M, L, and K, 
and from the screw (in some lathes a rack is used for the self- 
acting sliding motion) the motion is transmitted to the slid- 
ing, screw-cutting, and surfacing arrangements. For sliding, 
that is, the operation performed by the tool when it travels 
in a direction parallel with the centre line of the lathe, the 
nut is thrown into gear, and then the carriage A with the 
slides upon it is made to traverse the bed in either direction, 
according to the direction in which the screw rotates. The 
speed at which the carriage travels along the bed can be 
regulated by the change wheels N...K, and also, if neces- 
sary, by the introduction of others. The rate of travel 
depends on the size of the object operated upon, and also 
upon the kind of material, whether copper, brass, iron, steel, 
etc. For screw-cutting the arrangement is similar to that 
for sliding, only it is absolutely necessary that the velocity- 
ratio of the spindle and screw S shall be such as will cause 
the tool to cut threads of the desired pitch. For this pur- 
pose change wheels are employed. Appended is a table suit- 
able for the lathe under diBcussion. 
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GaiiU Screio Four Threads per Inch, 
358. For anrfacing — tliat is, the operation performed by 
the tool when it travels in a direction at right angles with 
the centre line of the lathe — the nut is thrown oHt of gear 
with the screw, and the pinion N put in gear with the wheel 
M. The screw S now causes tlie worm wheel T to revolve, 
and the motion is transmitted to the sliaft K by moans of 



H0RIZ6NTAL,'^B0RIKG, AND SURPACIKG MACHINE. 329 

the pair of bevel wheels P and L; from the shaft K the 
motion is transmitted to the screw D by the wheel and 
pinion M and N, and thus the slide E is caused to traverse 
the bottom slide C, and with the slide E moves the slides F 
and G and the tool o. 

859. Horizontal, Boring, and Surfacing Machine. — Plate 

XXXIV. On this Plate is shown a 8 J-inch centre, made 
by Messrs. Fairbaim, Kenway, and Naylor, Leeds. The 
right-hand figure is a front, and the left an end elevation ; 
the counter shaft for driving the machine is also shown, and 
the whole is an example of a shade-lined finished drawing. 
The figures are drawn to a scale of -j^, or 1 inch to 1 foot. 

Plates XXXV. and XXXVI. show on a larger scale dif- 
ferent parts of the horizontal, boring, and surfacing machine. 
Figs. 3 and 4 are respectively plan and sectional elevation; 
the section, fig. 4, is made by a vertical plane a )3, ^g. 3, 
passing through the centre of the spindle; the spindle B is 
not shown in section in this figure, but is so shown in fig. 5> 
where it is drawn to twice the scale of figs. 3 and 4, namely, 
J or 3 inches to 1 foot. 

Figs. 5-10, Plate XXXVI., are details of the spindle 
and slide rest, while figs. 11 to 28, Plate XXXVII., are 
details of forge or smith work for the slide rest. This Plate 
is an example of the manner in "which forge drawings, or 
drawings for the smith, are sent out. 

The whole machine consists of a headstock, a supporting 
frame on standard, a vertical sliding piece, and a compound 
slide rest, which is carried by the sliding piece. The machine 
is self-acting for boring by means of the motion of the inner 
spindle; for surfacing by means of the motion of the slide 
A; it can also be made self-acting for boring or sliding by 
means to be described presently. For the purpose of de- 
scribing the several parts of this machine, we shall divide it 
into sections or divisions, as in the case of the lathe. 

The following divisions are those that will be taken : — 

I. The Headstock. 
II. The Standard and Vertical Slide. 

III. The Slide Rest and Slide carrying it, which together form a 

Comi^ound Slide Best. 

IV. The Gearing for providing the Self-acting Surfacing Motion. 
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360. I. The Headstoct— Plate XXXY. The headstock 
stands at the upper left-hand comer of fig. 4, marked I, and 
consists of a frame A, together with the spindle gearing, 
etc. This frame carries a hollow spindle B, which is sup- 
ported in bearings C and D on the frame; between the bear- 
ings, and on the spindle, are a spur wheel E, a cone pulley F, 
a spur pinion G, a washer and lock nuts. Outside of the 
front bearing C is the spindle nose, upon which is keyed a 
four-jawed chuck H. Outside of the back bearing D is a 
spur wheel K and a pair of lock nuts. Turning to fig. 5 we 
have a section of spindle B; this spindle is bored out to 
receive the boring spindle L, the back portion of this spindle 
is also bored out to receive the screw M. Upon the screw 
M at u, outside the lock nuts o, o, is a bush N keyed to the 
screw, upon which is keyed the spur wheel O. This wheel 
O is in gear with a wheel P, fig. 3, which is keyed upon the 
stud Q ; this stud is carried by the arm R, which is part of 
the frame A« Upon the stud Q, and between the wheel P 
and the arm E., is a spur wheel S, gearing into the wheel K 
on the spindle B. Below the spindle B, and in the same 
centre line in plan as it, is a stud T carrying a spur wheel, 
^g, 4, which is in gear with the wheel K, on the spindle B, 
and a cone pulley Y. Behind the spindle B is a Imck shaft 
W, carried in the bearings Z, Zj (attached to the frame), on 
which is keyed a spur pinion X, gearing into the wheel E, 
and a spur wheel Y gearing into the pinion G ; we have 
thus a double-geared headstock similar to that of the lathe 
previously described. The frame A of the headstock rests 
upon the standard B (II), and is connected to it by set 
screws A^ and A^] at each end of the handstock are project- 
ing pieces a and a^, which fit in a groove in the top of the 
standard. Connecting these projecting pieces a and o^, and 
in the centre of the frame, is a web 6, the object of which 
is to strengthen the frame. The ends of the frame connect- 
ing the bearings receive cylindrical bushes c and d, which 
form the bearing surfaces for the spindle B ; the inner sur- 
face of the bush c is conical, as is also the neck c^ of the 
spindle. In front of the neck c is a collar e, and the nose ^ 
upon which is keyed the four-jawed chuck H, this chuck is 
shown in section, in the elevation, and in plan below; it is 
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also wMl seen in Plate XXXIY., but the remarks are best 
followed in Plate XXXY. The chuck consists of a plate 
hf and a boss ^, the plate has four rectangular slots, f^, or 
grooves at right angles to each other (they are best seen in 
the left-hand figure on Plate XXXIV.). In each of these 
slots is a movable piece A^, concentric with each gi'oove, and 
passing from the periphery of the plate to the boss ^ is a 
screw h, which passes through the piece \» The piece h^ is 
cut with a thread in which the screw h works, so that wnen 
the screw is turned round, the piece h^ can be moved up or 
down the slot in the plate /. Each of the four pieces or 
jaws are similar, and is provided with three griping surfaces 
h, k^, k^, the object to be operated upon is fixed to the chuck 
by means of the jaws, and as the clutch is attached to the 
spindle B when it moves, the object turns with it. Each 
jaw is kept in position in its slot by the screw h and corre- 
sponding screws, and the nut and washer arrangement at 
the back. Each screw h has its outer end squared to receive 
a handle, by which it is turned round and the jaw moved. 
The wheel E is keyed to the spindle B. Adjoining the 
wheel is a cone pulley B of four speeds, F, F^, Fg, and Fg, 
and attached to it is ^e pinion G; the cone pulley and the 
pinion are loose upon the spindle, and can revolve without 
turning it. The arrangement for connecting the spur wheel 
E, and the cone pulley F, is shown at ^, which is similar to 
that of the lathe. Between the pinion G and the bearing D 
are a pair of lock nuts m m screwed upon the spindle B, and 
next to these is "a washer n, which forms a collar for the 
spindle. On the other side of the bearing D is the spur 
wheel K and a pair of lock nuts o and o, also screwed upon 
the spindle ; these lock nuts cause the boss of the wheel K 
to bear against the facings of the bearing D, and thus form 
a collar, so that the spindle B is kept in position by the lock 
nuts m m and o o acting upon the intermediate pinion, pieces 
n and K, and the bearing D. Inside the spindle B, fig. 5, is 
the boring spindle L ; at p it is increased in size to receive 
the boring tool, which is fixed in the hole jp^; at ^ the spindle 
is bored out to receive the screw M, and at r there is a bush 
fitting into the end. The bush r has a collar upon it which 
bears against the end of the. spindle^ and also fits the inner 
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surface of the spindle 6; this bush has a thread ciit in it to 
receive the screw L, so that when the screw is turned round, 
the spindle can be run forwards or backwards as required. 
At 8 on this screw is a collar bearing against the bush t, 
which is fixed in the spindle B; and beyond this is the bush 
N, which is keyed to the portion u of the screw; the portion 
of the screw next to this bush is squared, to receive a handle 
by means of which the screw can be turned round, and the 
spindle L moved backwards or forwards. The wheel O will 
slide along the bush K, to which it is attached by the key w, 
when so moved it is thrown out of gear with P. A washer 
05, keyed to the bush, prevents the wheel from sliding off the 
bush. The wheel K is fixed to the spindle B by a key. The 
back shaft W is carried in bearings Z and Z, upon the shaft 
is a spur pinion X gearing into the wheel E upon the spindle 
B, and a spur wheel Y gearing into the pinioa G; these 
wheels and pinions can be thrown out of gear in a similar 
manner to those of the lathe previously described, by revers- 
ing the pin y which passes through the bearing Z and fits 
in the groove z-^; the wheels are kept in or out of gear by fix- 
ing the pin z or z^ respectively. The wheel Y and the pinion 
X are keyed to the shaft W. Below the spindle B is a stud 
T fixed in the frame A, and upon this stud are a spur wheel 
TJ gearing into the wheel K, and a cone pulley V of four 
speeds, V, V^, Vg, Vg; the wheel XJ is keyed to the pulley V, 
and both are free to turn on the stud T. The pulley and 
wheel are kept in position on the stud by the washer and 
set screw ty 

861. Having now described in detail the several parts of 
the headstock, the movements of the different parts will now 
be given. Motion is transmitted from the counter shaft 
(see Plate XXXIV.) by means of a strap to the cone pulley 
F. If the back shaft is in gear then the locking bolt is out 
of gear, and connection between the wheel E and the pulley 
F is broken (see fig. 3), and the pulley turns the pinion G, 
which transmits its motion to Y, which, being on the shaft W, 
causes X to rotate, and wheel E, which is keyed to spindle 
B, rotates, and with it the spindle B. The chuck H also 
, rotates with the spindle, and any aHicle that is attached to 
it. The chuck is used for holding cranks^ etc.; that have to 
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be slided, turned, or bored. The wheels E and Y have each 
45 teeth | inch pitch, and the pinions G and X have each 
16 teeth ^ inch pitch. The gearing of the headstock pro- 
duces the following change in the velocity-ratio : — The pinion 
G having 16 teeth, and Y, into which it gears, also having 
45; therefore the velocity-ratio of the shaft upon which G is, 

"W=i6 ^^> 

From the peculiar arrangement under notice spindle C is 
not referred to here, but will be presently; again, the pinion 
G is not keyed to it. The pinion X is on shaft W and wheel 
E on spindle B ; therefore 

W 45 
Velocity-ratio -g=ig (2) 

^ 1 -^ x: C^ a W 45 45 7-91 

that is, the pinion G and cone pulley F make 7*9 revolutions 
for one of the spindle. 

The diameters of the cone pulley F are respectively 5 J, 
7^, 9^, and 11^ inches, and those on the counter shaft are of 
the same size. The fast and loose pulleys on the counter 
shaft (Plate XXXIY.) are each 12 inches in diameter. The 
spindle B can therefore be driven at four different speeds by 
changing the position of the driving strap connecting the 
cone pulleys, and an additional speed for each single speed 
is introduced by means of the back shaft and the gearing on 
the spindle, making in all eight si)eeds. If the counter shaft 
make 100 revolutions per minute, then, with thie pulley F 

driving the spindle, we can have it making 100 x ^, or 

7h 9h IH 

100 X Q^, or 100 X -^, or 100 x -~ revolutions, according as 

the strap is on F, F^, Fg, or Fg; that is, 47-8, 78-94, 126-6, 
or 209 revolutions respectively; or, speaking roughly, the 
spindle can be made to revolve at the rate of 50, 80, 125, or 
200 times per minute; if the pulley were 6, 8, 10, and 12 
inches respectively, then the spindle would exactly revolve 
at these rates. Let the student now suppose the back shaft 
in gear, and £nd the velocity-ratio as was done in last para- 
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grapK It is a good exercise to trace this with each speed 
pulley. 

The wheels K, S, and TJ, have each 42 teeth, 6 teeth per 
inch of diameter (diametral pitch), so that the pitch circle of 
each is 7 inches in diameter. The wheel K being keyed to 
the spindle B, transmits its motion to S and TJ, and U 
being keyed to the cone pulley V, U and V revolve together; 
and as the wheels K and U are equal to the cone pulley, V 
makes the same number of revolutions as the spindle B. 
The motion of the pulley V is transmitted to the cone pulley, 
which transmits it to the self-acting motion for surfacing. 
The wheel R also gears into the wheel S, which is keyed to 
the stud Q, and its motion passes to the wheel P and 
from P to O ; the wheel O is connected to the screw M, 
which has 4 threads per inch and is right handed (see fig. 5), 
BO that when O is in gear with P, and the spindle B is 
revolving, its motion is transmitted to the screw, which 
causes the boring spindle L to move. The rate of motion of 
the spindle L depends upon that of B and upon the velocity- 
ratio of the wheels P and O. The wheels K and S being 
equal, therefore the stud Q rotates at the same velocity as 
the spindle B, the wheels O and P can be changed to pro- 
duce different velocity-ratios, according to the size of the 
hole to be bored and the kind of material operated upon. 
O and P are change wheels, and this machine is supplied 
with the following set. The first column gives the number 
of cuts per inch in length of the hole to be bored for the 
different wheels employed 

TABLE XIX 
Change Wheels and Numbes op Cuts per inch. 



Cute per inch. 


Cbange Wheels. 


Pitch. 


P,0. 


0, P. 


30 
44 

58 
86 


39 
44 
54 
41 


45 
40 

58 
43 


6 teeth per mch. 

6 

8 
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ITpon the stud Q, and keyed to it, is a disc v (see fig. 3), 
■with a T-headed groove in it, in which fits a bolt Vj, canying 
a piece v^, with an eyelet in it ; the bolt can be fixed in any 
required position in the slot. If the centre line of the bolt 
is in that of the disc, as shown in the drawing, it will simply 
revolve with the disc, and carry Vg with it, without causing 
any new motion ; but if the centre of the bolt and that of 
the disc are eccentric, then the bolt and V2 attached to it 
will have an eccentric motion, and the extent of this motion 
can be regulated by moving the bolt Vy The motion is 
employed to produce, with the aid of a rocking shaft and 
ratchet motion, a self-acting motion for moving the slides "N, 
and, if necessary, A (III). 

362. Materials of different Parts.— The frame A is of 
cast-iron, so also are the gearing, cone pulleys, plate of chuck, 
and bush L The spindle B, the screws, stud, jaws of chuck, 
bush N, set screws, and plate /, are of wrought-iron. The 
bush c and d for the spindle, and r for the screw M, are 
brass. The boring spindle L is of steel. 

363. II. The Standard and Vertical Slide. — (See parts 
marked II, Plate XXXV.). The standard B consists of a hol- 
low box frame enlarged at its base and provided with bolt holes 
a... a, through which pass the foundation bolts; the base pro- 
jects on the right-hand side and terminates in a boss Bj, which 
receives the end e of the elevating screw E (see bottom right- 
hand side of ^g. 4). Upon the upper surface of the standard 
rests the headstock A (I), which is firmly connected to it 
by the set screws Aj and Ag. On the right-hand side are 
projecting pieces C and C, (fig. 3), which form the bearing 
surfaces for the vertical slide D. This slide can be moved 
vertically up and down the frame B, by means of the 
elevating screw E. On the upper portion of this slide there 
is a cross slide F, which can be moved along it by means of 
the screw G and nut H (III). On the left-hand side of the 
standard B there is a bracket M with a bearing Mj carrying 
oner end of the shaft; and to the left still of the bearing 
is a cone pulley L, similar to V ; N is the other bearing for 
this shaft The vertical slide I) is maintained in position 
by the angular projecting bearing piece b, which is in con- 
tact with the piece C^ (see £g. 3) of the frame^ and by tl)e 
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Btrap c, which is attached to the slide by the set screws d.„d. 
The set screws e,.,e are for keeping the strip in contact with 
the angular bearing surface of C. The screw G (lower part 
of III) is carried in bearings/^ ; at g there is a collar upon 
it which projects a little beyond the surface of the slide ; 
against this collar bears a plate A, attached to the slide by 
set screws k k (see fig. 3) ; the object of this plate is to 
prevent the screw leaving its bearings when turned round; 
beyond the plate h the screw end is squared to receive a 
handle for turning the screw. G is a right-handed square- 
threaded screw, of four threads to the inch. 

The under portion of the slide D is provided with bearing 
surfaces to receive the cross slide F, which is attached to it by 
the usual arrangement of an angular Hp m on one side and 
a strip n on the other. The nut H is attached to the cross 
slide F ; by means of the screw G and nut H the slide F 
can be moved towards and from the headstock, parallel with 
the centre line of the spindle. 

In the cross slide F there is a screw O, carried in bear- 
ings o and 0^ ; this screw passes through the nut P attached 
to the slide A; by turning the screw the slide A can be 
moved in a direction at right angles with the centre line of 
the spindles, that is, parallel with the plane surface of the 
chuck H. We can thus give to the slide rest, which is 
carried by the slide A, two motions in the same plane at 
right angles to each other, and of course this motion may be 
either to or from any particular fixed position ; and by the 
motion to be described presently the whole can be raised or 
lowered vertically. The motion at right angles to the spindle 
is required for surfacing, and this can be made either self- 
acting or workable by hand as required. Upon the end, and 
in contact with the collar ^, there is a spur pinion Q in gear 
with a wheel It (see lY, fig. 3) ; the pinion Q is attadbed 
to the screw by a key fixed in it, so that the pinion can 
be slided along it and then out of gear with K; this is 
required to be done when the slide A is to be moved by 
hand Beyond the pinion Q is a washer keyed to the same, 
to prevent the pinion leaving it, and next to this the screw 
is squared to receive a handle ; the end beyond the bearing 
Oi is also squared. The screw is maintained in its bearings 



^THE SLIDE BEST« 337 

by the collar p, and a washer q, and lock nuts rr. The 
spur wheel B is keyed to one end of a short shaft, which 
is carried by a bearing S attached to the cross slide; at 
the other end of this shaft there is a mitre-bevel wheel T 
in fi^ear with one marked T,. This ffearinff will be fully 
explained in division IV. » » » ^ 

The vertical slide D is raised and lowered by means of the 
screw E and nut E., the end e of this same fits into a cylin- 
drical bole in thrprojecting portion B, of the base of the 
standard ; bearing upon the facing of the boss B^ are the 
three steel washers 8 e and «, and upon the upper one bears 
the collar of the screw e^, in which are four holes at right 
angles to each other. When the slide is to be raised or 
lowered, the screw E is turned round by means of a lever 
inserted into one of the holes. The nut Ej fits tightly in 
the boss Dj of the slide D, and is prevented from turning in 
it by the key t; upon the nut there is a collar which prevents 
it moving upwards, as probably it would, owing to the weight 
upon it, if the collar was not there. The screw E is right- 
handed, and four threads per inch. 

364. III. The Slide Best.-- Figs. 6-10, Plate XXXVL, 
also Plate XXXIV. The slide rest is shown in detail in 
Plate XXX VI., drawn to a scale of J or 3" to 1'. In Plate 
XXX VI. is shown in elevations and plans the slide rest; 
fig. 6 is a plan, and fig. 7 a sectional front-elevation or 
longitudinal section through plane a a, fig. 6. Eig. 8 is a 
sectional end-elevation, taken in the direction Y, ^g. 7, 
through the plane j3 (5, fig. 6 ; fig. 9 is a plan of part of the 
bottom piece D ; and fig. 8 is a sectional end-elevation or 
cross section. The slide rest is attached to a compound 
slide, of which A is the upper part of the top slide ; by 
means of this compound slide the slide rest, as a whole, can 
be moved in two directions in the same plane, one parallel 
to the axis or centre line C of the machine, and the other 
at right angles to it. 

The slide rest proper consists of three movable pieces D, G, 
and N (figs. 8 and 10) ; the bottom slide G can be moved back- 
wards and forwards along the slide A at right angles to the 
axis CC; it is fixed in any required position by the bolts B,B. 
In the top part of D there is a circular T-headed slot or groove 
2 T 
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E, in which are placed bolts F,F. Hie bottom portion H of the 
slide G is circular, and is in contact with the slide D, the two 
surfaces being similar, except that D has a circtilar groove, 
and H has two bolt holes ; the two slides are connected by 
the bolts F, F. In the common vertical centre K K of the 
slides is fixed a pin or pivot R, round which the slide G can 
be turned; when the required position is determined, the two 
slides D and G are firmly connected by the bolts F, F. In 
the top portion of the slide G there is a screw L I (fig. 7), 
which can be turned round in its bearings, but is prevented 
from moving lengthwise, in the direction of its axis; attached 
to the screw is a nut M. 

N is the top slide or tool rest which slides upon G ; the 
two slides G and N are connected by means of the inclined 
surface O and the strip P; the nut M is fixed to the slide N, 
and the motion of N is obtained by turning the screw L L 
Attached to the slide N are four bolts and nuts, the former 
are marked Q ; S, S are clamps by means of which, together 
with the bolts Q, the tool or cutter is fixed to the rest N. 
The strip arrangement is similar to that explained in con- 
nection with the lathe ; the angle which the inclined surface 
makes with the horizontal plane varies between 50** and 60**, 
according to different makers. The screw L I has a circular 
collar T, which fits into a recess in the slide G; outside the col- 
lar is a plate U, through which passes the end I of the screw; 
a portion of the end ^ is of a square cross section, and upon 
this is placed a handle or lever when the screw is to be turned 
round. The collar of the screw and the plate are in contact; 
the latter is attached to the slide by means of two set-screws 
V, V, and thus the screw is prevented from moving length- 
wise. 

The dotted lines aab', ccd\ ^g. 7, Plate XXXVI., show 
the extreme positions of the top slide N ; it is advisable in 
most cases to show the extreme positions of moving pieces, so 
as to see at a glance whether or not the moving piece can 
occupy the positions which it is intended it should. 

In addition to the scale of the drawing being given, the 
dimensions, of at least the principal parts, should be marked 
upon the drawing, even in the case of full-sized drawings. 
In Plates XXXVI. and XXXVII. the principal dimension 
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lines are shown, but the dimensions are omitted. In fig. 7, 
Plate XXXYI., the dimension lines are not shown, on 
account of the colouring, but they should be shown in the 
drawing. 

In Plate XXXVII. are shown the pieces of the slide rest 
which are made by the smith; such drawings are called Forge 
dravnngs, drawings of Forge work, or Smith vxyrk. Forge 
drawings are generally made full-size, except in the case of 
very large pieces, and have all the dimensions added ; not 
only those which the smith requires, but also those necessaiy 
to finish the article, as the forge drawings pass into other 
hands besides the smith's. The dimensions put on forge 
drawings are finished dimensions, so that the smith must 
make allowance for the material which has to be cut away 
in the difierent operations each piece has to undergo. It is 
usual to mark, in writing or otherwise, those pieces which 
are to be finished, as, finished aU over, or bright; those not 
so marked being left in the hloAikj that is, as they leave the 
smith. Two ways of marking the pieces are shown, and 
the quantity of each piece required. In the case of screws, 
worms, etc., the pitch or number of threads per inch, the 
hand, right or left, and whether single thread or other- 
wise, are marked upon the drawings ; sometimes the threads 
are drawn by one of the approximate methods given in 
figs. 96 and 98, Plate VIII. There are many other notes 
to be made upon the drawings which depend upon circum- 
stances, but as these vary considerably, we can only indicate 
those more generally used. The following figures are shown : 
— Figs. 11 and 12 are front and end elevation of the screw JjI 
for the slide G. Figs. 13 and 14 are front and end elevation 
of one of the screws Q for the tool clamps S S. Figs. 21 and 
22 are front and end elevation of one of the nuts for the 
screws Q. Figs. 15 and 16 are front and end elevation of 
the pin or j)ivot E,. Figs. 17 and 18 are plan and front 
elevation of one of the clamps S for holding down the tool or 
cutter. Figs. 19 and 20 are front elevation and plan of the 
plate XJ for holding the screw L ^ in position. 

365. IV. The Gearing for Self-acting Surfacing Motion. 

— Figs. 3 and 4, Plates XXXV., the part marked IV is 
what is now under discussion. Repe«^ting a little: — The 
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slide A, which carries the slide rest, moves along the cross 
slide F, and this motion is required for surfacing objects 
that are fixed in the clutch H; this surfacing motion 
can either be produced by hand or by the self-acting 
arrangement now to be described. Tf the surfacing is 
done by hand, then it simply means that the wheel Q, on 
the screw O, is thrown out of gear with the wheel R, and 
the screw turned by hand as required, and the slide A, with 
the rest and tool, moved along the slide F. If the surfacing 
is done by a self-acting motion, then that motion must be of 
such a kmd as to produce the required velocity of the slide 
carrying the cutting tool; and the intermediate gearing, 
between the screw O and the point where the motion is trans- 
mitted from, must be arranged accordingly. In the first case, 
the motion is obtained from the spindle B (I); the cone 
pulley V is attached to the wheel U, which is in gear with 
K ; IT and K are equal, so that the cone pulley Y makes 
the same number of revolutions per minute as the spindle B, 
but the number varies, as we have seen, according to the 
position of the driving strap upon the cone pulley F, and 
whether the back shaft is in gear or not. A strap connects 
the cone pulley V with the cone pulley L below it, these are 
equal and similar ; the pulley L is keyed to the shaft K, as 
shown at l, therefore the shaft K has the same rate of motion 
as the spindle B. Upon the shaft K is keyed a worm Y, 
gearing into a worm wheel X, which is keyed to the vertical 
shaft Z. The shaft Z is carried by a fixed bearing x and by 
another w, which is attached to the slide D, so that w moves 
lip or down the shaft Z when the slide is moved. Upon the 
shaft Z, and carried by the bearing w, there is a mitre bevel 
wheel Wj) this wheel is attached to the shaft Z by a sliding 
key ; the shaft is in contact with the boss of the wheel, and 
the boss of the wheel forms the bearing surface in contact 
with that of w. The shaft Z is of sufficient length to admit 
of the slide D being put in any required position. In gear 
with the mitre bevel wheel Wj, is another W, keyed to the 
horizontal shaft Y; this shaft is carried by a fixed bearing u 
and a movable one U to the right of u. The movable one IT 
is cast on the slide F, and carries a mitre bevel wheel T^, 
the £iiaft Y passing through the wheel; and they are con- 
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nected by a sliding key ; the arrangement is similar to that 
of the wheel, shaft, and bearing, W, Z, and w. The wheel 
Tj therefore moves along the shaft V when the slide F is 
moved by the screw G. A bearing S, fig. 3, cast on the slide 
F, carries a short shaft, upon one end of which is the mitre 
bevel wheel T gearing with Tj ; at the other end of this shaft 
is the spur wheel R gearing into the pinion Q ; the pinion 
Q is keyed to the screw O, but can be slided along its key 
and thrown out of gear with the wheel R. When Q is in 
gear with R, the motion of the shaft K is transmitted to the 
screw, but is not of the same velocity. This change of velocity- 
ratio is effected thus : — 

The worm Y is f inch pitch, right-handed single thread, 
the worm wheel has 30 teeth ; therefore the velocity-ratio 

The mitre bevel wheels W^ and W have each 20 teeth, 6 
teeth per inch ; .the shafts Y and Z therefore rotate at the 
same speed. The mitre bevel wheels T and Tj are of the 
same dimensions as W^ and W, and therefore the shaft that 
carries W and the spur wheel R rotate at the same speed as 
the shafts Y and Z. The spur wheel R has 42 teeth, 6 teeth 
per inch, and the pinion Q has 18 teeth; the velocity-ratio 
of the shaft Rj, which carries R, and the screw O, which 
carries Q, is 

"o-^-y ^^' 

As equations (1) and (2) represent the only changes in velo- 
city, we get the following: — 

^ O Z^ O 1 7"7 1 

that is, for every revolution of O there are 12*857 revolutions 
of K. The screw O has 4 threads per inch, so that for any 
4 revolutions the slide F moves 1 inch, and to do this the 
shaft K must make 12*857 x 4 = 51*428 revolutions. 
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SECTION ra, 

BTEAM HAMMER. 

366. Steam Hammer. — ^The steam hammer is of more 
recent date than one might suppose, considering the many 
improvements that have been made in engineering tools up 
to the time of its introduction. So far as the actual working 
steam hammer is concerned, its invention is due to Mr. 
Nasmyth, of the firm of Nasmyth, Gaskell, k Co., Patri- 
croft, Manchester ; he in fact designed and patented the first 
that was used in Great Britain. This hammer was sketched 
by Mr. Nasmyth in 1838, but it was not till 1842 that it 
was patented, and towards the latter end of that year 
the first one was finished. In 1784 the celebrated James 
Watt took out a patent for a steam hammer, but it was 
never brought into practical use; this was followed in 1806 
by another, by Mr. W. Deverrall, which met with a similar 
fate. Altogether, the steam hammer was a decided improve- 
ment on the old Tilt or Helve hammer, still there was much 
to be done to make it the perfect tool it has become ; like 
the inventor of the steam engine, Mr. Nasmyth could not 
foresee the future ; for the first steam hammer was made 
simply to perform the heavy work that the smithy hammer 
of that day could not do ; the first was a moderately large 
one, it was, in fact, what is called a 30 cwt. hammer; that 
is, one having a falling head or block of 30 cwt.; this head 
being fixed to the end of the piston. Owing to the improve- 
ments that have been introduced, a much wider field has 
been opened out for their use, and now there are hammers in 
use of from 2 cwt. to 100 tons. 

The general form of the standard, or supporting frame, of 
the first steam hammer is followed to the present day, but 
owing to the immense variety of cases in which it is now 
employed, other forms have been introduced to meet special 
requirements; but the double standard, or steam hammer 
framing, as it is called, of the present day, is, as we have just 
stated, similar to the one first made nearly' forty years ago. 
The first hammer was hand worked; that is, the valve used to 
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admit steam into the cylinder was worked by hand, and the 
kind of valve used was the ordinary steam engine slide valve, 
which, owing to the pressure upon the back of it, could not 
be worked without considerable force, and then only slowly. 
To remedy this, various attempts at self-acting motion were 
made, but with little or no success, until Mr. Wilson invented 
his self-acting motion, which was at once introduced, and was 
used for the next ten years. This arrangement then began 
to give place to others, and now the larger-sized hammers 
are chiefly hand worked, and the smaller ones may be either 
hand worked, self-acting, or both. 

For many years after its introduction, the steam hammer 
was only single-acting ; that is, the steam was used only to 
raise the hammer head, which, when sufficiently elevated, 
the steam was shut off, and the head allowed to fall, under 
the influence of gravity alone, the steam under the piston 
exhausting into the air ; but later on, within a very recent 
date, it was made double-acting, so that in addition to the 
force due to the falling head, there was that due to the 
pressure of steam acting above the piston; this was a very 
decided improvement, as a hammer could now be employed 
to do the work which had previously been done by one several 
times its size. ^ ^ 

There are now, and have been for some years past, a variety 
of steam hammers of different makers, but all of them modi* 
flcations, more or less, of the original Nasmyth hammer. 
The most important change, perhaps, that has been made, is 
that by Kamsbottom in his duplex hammer, where there are 
two hammer heads acting horizontally and towards each other, 
the metal being placed between them, and thus the anvil 
block proper is dispensed with. 

As the space at our disposal is but limited, we have selected 
only one for exemplification, and that manufactured by the 
company representing the originators, Nasmyth, Wilson, & 
Co., of Patricroft; this hammer is a 15 cwt. double and 
single acting one, with double standards ; it is hand worked, 
and supplied with Wilson's patent balanced slide valve and 
head gear. It is shown in plan and elevation in Plate 
XLV. 

367. Steam Hammer— Wilson's Patent— Jn figs. 1-5 
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Plate XLY., is shown in plan and elevation the 15 cwt. 
single and double acting steam hammer mentioned at the 
end of the last paragraph, and on figs. 6-15, Plates XLYI. 
and XLVll., are shown details of the same. Fig. 1 is a front 
elevation, fig. 2 a sectional plan, the right-hand half of which 

is made by planes 9 \ ^5, fig. 1 (there are two parallel planes 

used, so as to make a better section, this will occur in other 
places). The left-hand half of ^g. 2 is partly in section, 
which is made by the horizontal plane e e, the hammer head 
is not shown in section. Fig. 3 is a side elevation of 
the cylinder, and portion of the standards ; fig. 4 is a plan 
of the top of a standard. Fig. 5 is a section of the right- 
hand standard made by the horizontal plane ri rj. Fig 6, 
Plate XLYI., is a sectional elevation of the cylinder, st^m 
port, valves, etc., made by a vertical plane passing through 
the centre of the cylinder, and parsdlel to the centre line. 
Fig. 7 is a plan of ^g. 6, the right-hand half is a plan of the 
casting, etc., between the cylinder and the standards, and is 
partly in section, as made by the two planes 6 19; the left- 
hand half of the figure is a plan taken from the top of the 
cylinder along the plane X X. Fig. 8 is a side elevation 
of fig. 6, with the steam chest cover removed and also the 
back of the valve box, as made by the planes fx /i, fig. 9. 
Fig. 9 is a sectional plan made by the horizontal plane pp, 
fig. 8. 

Fig. 10, Plate XLYII., is a front elevation of the throttle 
valve; ^g. 11 is a sectional plan of the same, made by the 
planes r__|~r, fig. 10. Fig. 12 is a sectional end elevation 
made by the planes o^~L<r, fig. 8. Fig. 13 is an elevation 
of the valve. 

Figs. 1-5 are drawn to a scale of ^^ or f of an inch to the 
foot; figs. 6-9 to a scale of ^, or 1^ inches to the foot ; and 
figs. 10-15 to a scale of J, or 3 inches to the foot. 

General Description. — The hammer consists of a pair of 
standards, forming the supporting frame, an intermediate 
piece connecting the standards, and supporting the cylinders, 
steam chest and valves, piston and piston-rod, hammer head, 
anvil, and a foundation plate, upon which rests the standards. 
The foundation plate, together with the anvil block, are- 
carried upon suitable foundations. For the purpose of 
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describing the several parts, the following divisions will be 
taken : — 

I. The Standards, Foundation Plate, Anvil, and Hammer 
Head. 

II. The Intermediate Piece, the Cylin^der, Valve Chest, Piston 
and Piston-rod. 

III. The Slide Valve, the Throttle Valve, and the Gearing for 
working them. 

368. I. The Standards, etc.— Figs. 1 and 2, Plate XLV. 
The standards, of which there are two, A A, form the sup- 
porting frame; each consists of a centre web B of varying 
dimensions, with flanges on its ends at a and b. There are 
ribs for the purpose of strengthening these parts. At the 
bottom of the standards there is a plate C forming a foot, by 
means of which the standard is connected by bolts to the 
foundation plate D. This plate is provided with lugs, ce, 
between which the foot C fits; a wooden wedge d, and 
wrought-iron one e, being used to key the two together. The 
foot rests upon a packing of wood /, which gives a slight 
elasticity to the connection; the whole being joined together 
by bolts passing through the hole c\..c\ The foundation 
plate rests upon wooden beams, and these in their turn rest 
upon rock-beaten soil or piles, according to the nature of the 
ground. The standards are connected at the crown of the 
arch made by them by two plates, E and E, in each of which 
are projecting pieces g, g, which fit in corresponding grooves 
in the standards; the whole being connected together by bolts 
h h: The tops of the standards are connected by bolts F and 
F, and an intermediate piece £ ; this piece rests on the top 
where are projecting pieces K, which fit into corresponding 
recesses in the piece B; the whole being connected by bolts 
I... I. The inner flange G of each standard is provided with a 
groove m (fig. 5), in which works the rib or fin n of the ham- 
mer head H. The hammer head consists of two pieces, the 
main casting H and the hammer block K, which is connected 
to the head by the keys o and p, the latter being of wood. On 
each side of the head H there is a fin n, which fits the groove 
m, and thus the head is maintained in position. The hammer 
head is attached to the piston-rod by keys q, q. A sliding 
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bolt L 18 employed to hold the hammer head in an elevated 
position when required. This bolt is of a rectangular cross 
section, and slides in a suitable bearing r in the right-hand 
frame. In the figure the bolt is shown not in use ; when it 
is required to maintain the head in place, the handle M is 
pulled in the direction shown by the arrow, which causes the 
lever N to move about its axis O, and push forward by means 
of the connecting rod P the bolt L, which, passing under the 
lower surface of the hammer head, prevents it moving down- 
wards. Q is a facing for a nut box, and R is a facing for the 
lever guard W, S is a boss for the pin which forms the axis 
of the lever to the left. T is a boss for the pin which forms 
the axis of the lever Y for working the throttle valve. The 
section, fig. 5, is made by the horizontal plane 17 17, which 
passes through the centre of the pin U and boss W. On 
this pin are the two levers 8 and t; the former is attached to 
a sliding block X, which has an inclined face, against which 
a fin of the hammer head presses when the head rises to that 
height. If the hammer head rises high enough to pass the 
block X, then the motion of the block is transmitted by the 
levers to the rod Q, which has a slot in its upper end, in 
which works a pin attached to the lever w. This lever is 
connected with the slide valve, and when the hammer head 
rises as stated, the valve is moved by the lever arrangement, 
and steam shut ofL 

The anvil Y is provided with a loose block Z, which is 
keyed to it by keys u and v, the latter is of wood. The 
lower face of the anvil rests on wooden beams, fixed verti- 
cally as piles, which are oaiiied down to a firm bearing. 

869. IL The Cylinders, etc.— Figs. 6-9, Plate XLVI. 
The intermediate piece B, which carries the cylinder, rests 
upon the tops of the standards, and is connected to them by 
bolts L,.l; and in addition to these are two larger ones, to 
and w (tig. 6), passing through the lower flange /^ of the 
cylinder, through the piece B, and into the tops of the stan- 
dards, where they are fastened by cotters x, x. The cylinder 
C y is connected to the intermediate piece by the bolts just 
named, and also by a number of others marked a,., a (fig. 7). 
In figure 6 the section of the intermediate piece B is not 
taken through the centre lines kk, but just outside the web 
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by as this web runs across the piece connecting the bosses for 
the bolts Wf Wj and that for the piston. This is a common 
way of showing such an arrangement, instead of having to 
put the whole surface in section. The intermediate piece P 
forms a cover B^ for the lower end of the cylinder, and also 
forms the stuffing box A. A gland c is fixed in the upper 
portion of this stuffing box, and another one d in the lower 
portion; and between these is the packing. The gland d is 
made in halves, as it could not otherwise be fastened, with a 
stepped joint, as shown in figs. 6 and 8; it is maintained 
in position by studs and nuts. In fig. 8, the right-hand 
standard is removed, and also a portion of the piece B, so 
as to show a portion of the gland. The piston C and piston- 
rod D are in one piece; the former is shown in its lowest 
position in all the figures. The piston is simply a cylindrical 
piece of wrought-iron, of the section shown in ^g, 6, with a 
groove in it, fitted with a steel ring or spring to keep it 
steam-tight. When these rings are used for steam engine 
pistons, there are frequently more than one employed for 
each piston. Each end of the cylinder is bell-mouthed, and 
in the upper end there is a cover E, connected to the flange f 
of the cylinder by the bolts g. . .g. The steam ports F and 
G are of the usual form, F leading to the bottom of the 
piston, G to the top; the exhaust port H is connected with 
a chamber h (see fig. 9), which extends round the cylinder to 
a point diametrically opposite to the port, where the exhaust 
pipe K is attached to it. The steam ports F and G, and the 
exhaust port H, are all of the same breadth horizontally, as 
shown in figs. 8 and 9; the port F enters the cylinder at ky 
and G at I, I, a web m dividing the port into twa Kound 
the ports there is facing, which forms the bearing surface 
for the slide valve; and round this facing is another o, 
against which is fixed, by the studs j9...p, the valve or steam 
chest L. In fig. 8, the cover M of the steam chest, as seen 
in ^g, 6, is removed. The lower portion of the valve chest 
forms an elbow pipe N, with a flange, against which is bolted 
the throttle valve O, through which passes the steam to the 
steam chest. On the top of the valve chest there is a bracket 
P, which carries the stud for the levers v and w. Passing 
through the top of the valve chest is the valve rod Q, the 
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upper portion of which slides in the bracket H fixed to the 
top of the cylinder; this rod passes through a staffing box 
a and gland r; the latter is maintained in position bj the 
stud and nuts. 

370. III. The Valves and Gear. — ^For the slide valve, see 
figs. 6, 7, and 9, Plate XLVL; for throttle valve, see figs. 
10-12, Plate XLVII.; and for the gear for working these, 
examine ^g, 1, Plate XLV. The slide valve here employed 
is one of Wilson's patent balanced valves. As before men- 
tioned, one of the first difficulties with the early steam 
hammer was the amount of power necessary to move the 
slides, because of the steam pressure on the back; the self-act- 
ing motion was invented to overcome this difficulty. But 
now, owing to the improvement in valves, the hand- worked 
gear has come into use again for large hammers. The valve 
proper S is covered by a U-shaped plate T, which fits on the 
back sui'face, but allows a little clearance at the sides, see 
fig. 314. Fig. 314 shows the back of the plate removed; 

the section is made by the plane /i_! |__/i, fig. 9 ; the plate 
T is maintained vertically by the feathers ^ ^ ^^, an inch wide; 
the two former are at the bottom, and rest on the bottom of 
the valve chest L, and horizontally, that is, against the valve S, 
supported by the spring U. This spring is required to prevent 
shake in the valve when there is no steam in the valve chest. 
The valve is supported and moved by its rod Q, which has a 
vertical motion. The excess of area of the lower surface of 
the valve over the upper, on account of the valve rod Q, adds 
so much to reduce the effective weight of the valve, because 
when there is steam in the valve chest, the pressure upon 
the lower surface is greater than that upon the upper. 

Opposite to each port, F, G, and H, and in the piece T, 
there is a shallow channel or false port, similar to each of 
the ports, and of the exact shape of each, so that whatever 
pressure of steam there is on the face of the valve S, from 
the whole or portions of the ports F, G, and H, there is an 
equal pressure on the other face from the ports/^, g^, h^. 
This is the case for all positions of the valve. The holes 
u,,.u form a communication between the two sets of ports 
for such positions of the valve that otherwise would prevent 
ibe valve being balanced. In the figures on Plates XLY. 
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and XLVI., the valve S is sliowa in sucli a position that 
the tliree ports F, G, and H are in communioatioii with each 
other. In figs. 315 and 316 it in shown in the two extreme 
positions ; these figures are sections made hy the planes 
a~\ Pfi.fig 314 Fig 314 iaafrontview of the valve ia the 
position shown m fig 315 The arrows show the direction 



r®i® 1 




1 jT* '' 




1 "1 1° I 




-. 4-4^-.- 


,N^ 




r r :. 


I 1 - 


i(^ 1 i®: 




I. 314. 

of the steam as it enters the lower port to moi e the piston 
up, and as it leaves the upper port for the exhaust K. The 
piston in this position of the slide is at the bottom of the cylin- 
der, the valve is in its middle position, as are also the levers v 
and to, and the band lever W, see fig. I. If now the lever W 
be raised or turned about its axis x, in the direction of the 
arrow y, the connecting rod X is lowered, as is also the lever 
V, while w is raised, and vrith it the valve. The free end of 
the lever v enters a slot in the valve rod Q, so that the 
motion of Q ma; be a vei-tical one, which would not be the 
case if the end of the lever were £xed to the end of the rod 
Q, in which case the end of the lever would describe a small 
arc of a circle, and would tend to bend the rod Q in extreme 
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positions. The valve is raised according to the extent of 
motion of this lever; if it be raised into the position shown 
in ^g. 316, then the full pressure of steam is admitted bejow 
the piston into the lower part of the cylinder, and the hammer 
head ascends because the port^ in the valve is fully open to 
the port F. Suppose now the piston is at the top of the 
cylinder, and is kept there by the pressure of steam below 
it; if the hammer is to be worked single-acting, then the 
handle W is depressed so as to bring the valve into the 
position shown in ^g. 6, which puts the port F in communi- 
cation with the exhaust port, the steam escapes, and the 
hammer head falls by the action of gravity. But if the 
hanmier is being worked double-acting, then the handle is 
depressed further, and that in an instant, and the valve is 
put in the position shown in fig. 315. The steam now enters 
through the port G, and is free to act upon the top of the 
piston, while the steam that was below it runs out by the 
exhaust port H, as shown by the arrows. 

It will be seen that the whole area of the top of the pis- 
ton is free to receive the pressure of steam, so that the force 
acting to give the blow is equal to the pressure due to the 
steam upon the area of the piston, together with that due to 
gravity. Between the two extreme cases named, there are 
almost an infinite variety of others, according to the position 
of the valve, which can be varied at will; in addition, the 
force of the blow may be varied by closing the port F, and 
eveiy variety of blow can be given, from a gentle tap to that 
already stated; for full pressure of steam, with the mass 
falling through the full stroke, will give a most powerftil 
blow. 

371. The Throttle Valve or Regulator O has a simple 

slide valve, see figs. 10 to 12, Plate XLVII. The outer 
casting O consists of a valve chest A, a cover B, and a cover 
C, which has cast to it the connecting pipe D and flange E, 
for connecting the whole to the elbow pipe N, fig. 6, and the 
valve seat a. The valve is a simple slide valve b (fig. 12), in 
which is fixed a nut c; one end of the valve spindle F enters 
this nut, while the other is attached to the connecting rod Y, 
fig. 1. Fig. 13 is a front elevation of this valve, showing 
also the valve seat and the facings d d upon which the valve 
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slides. Concentric with the valve spindle F there is a tube 
e forming part of the valve chest, which acts as a stop for 
the valve and prevents its being brought too low. A feather 
/ at the top of the valve limits its upward motion. At the 
lower end of the valve chest there is a stuffing box G and 
gland H, the latter is kept in position by the studs and nuts 
gg, fig. 10. The valve chest, together with its covers and 
delivery pipe D, are connected by the studs and stud bolts 
h...h. This valve regulates the admission of steam into the 
valve chest of the large cylinder C y, the steam enters by 
the pipe L K^, and passes in the direction indicated by the 
arrows through the branch pipe L into the valve chest A, 
then through the port k into the pipe D which is connected 
with the slide casing. The valve b is connected to the valve 
spindle F, which in its turn is attached to the connecting 
rod Y, fig. 1 ; and this rod is connected to one end of a bell- 
crank lever z z, the other end of which is connected to the 
rod z^. The end of the rod z^ opposite to that which is 
attached to the lever Zj has a square-threaded screw, left- 
handed double thread cut upon it, and this enters a nut z 
fixed in the bracket M, see figs. 14 and 15. This bracket is 
fixed upon the right-hand standard as shown in fig. 1 ; the 
nut is circular and can be turned round in the boss N of 
the bracket, which acts as a bearing for it; on one end there is 
a collar m attached to it by pins, and at the other end a fixed 
collar n, between which and the boss N there is a hand 
wheel Z keyed to the nut, ^g, 15. By turning this wheel 
the nut is turned, and the rod z^ is moved in the direction 
of the arrow, or in the opposite direction, according as the 
wheel is turned to the right or the left; this motion is trans- 
mitted to the bell-crank lever z z, which in its turn causes 
the connecting rod Y, and with it the valve 6, to be moved 
up or down, and steam admitted, shut, or cut off as required; 
the amount of opening regulates the amount of steam ad- 
mitted into the pipe D. In figs. 10 to 12 the port h is 
closed, so that no steam can enter pipe D, or none passes to 
the cylinder. 
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SECTION IV. 

STEAM ENGINES AND BOILERS. 

Eight H.-P. Davy-Paxman Vertical Engines and Boiler — ^Robertson's 
Valveless Engines — Four H.-P. Horizontal Engine by Appleby. 

372. The Davy-Pazman Engines, etc. — In figs. 1 and 2, 

Plate XXXVIII., are shown elevations of an 8 horse-power 
Davy-Paxman vertical engine and boiler combined; these 
figures show the general arrangement of the whole. Fig. 
3 is a half section made by a vertical plane passing through 
the centime line a a, fig. 1. Fig. 4 is a half section made by 
a horizontal plane 6 6, fig. 3 ; on the left of this half section 
is shown a portion of the top of the fire-box. Details of 
parts of the engine and boiler are shown on Plates XXXIX, 
XL., and XLI. 

For the purpose of describing the several parts, it will be 
convenient to take the annexed divisions : — 

I. The Boiler and its Mountings. 
II. The Bed Plate, Pump, and Feed- Water Heater. 

III. The Engine. 

IV. Governor and Throttle Valve. 

878. L The Boiler and its Mountings. — Figs. 1-4, Plate 
XXXVIII. These figures represent, in elevations and sec- 
tions, the vertical boiler under discussion. The boiler con- 
sists of an outer cylindrical sheet A, fig. 3, built up of three 
lap-jointed tubes a, a^, a^, the lower edge of the bottom ring 
rests upon the bed plate C. The upper ring has riveted to 
it an end plate B, which has a circular aperture in its 
centre, through which passes the funnel C. Inside the shell 
A is the fire-box D, built up of two rings d and d^, and a 
crown plate 6, which is riveted to the ring d^ and the funnel 
C ; the lower ring of the funnel is attached to the outer 
shell, and rests with it upon the bed plate C. The fire-box 
is slightly conical, the smallest diameter being at the crown. 
The whole of the joints are riveted lap joints. Springing 
from the circumference of the lower ring rfj of the fire-box, 
and at two different levels, are a number of tubes E...E, of 
the form shown in ^g, 3. These tubes terminate a little 
above the crown plate 6, into which they are fixed by a tube 
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expander; the lower ends are also fixed in a similar way. A 
section of one of the tubes E is shown in figs. 3 and 4, and an 
enlarged section of the top of a tube is shown in figs. 5-7, 
Plate XLI. The arrangement of the tubes in plan is shown 
in the sectional plan, fig. 4 ; on the left of the centre line of 
this figure, the top of the crown plate is shown, together with 
those of the tubes. In the crown plate, and in each tube, there 
is inserted a deflector F, figs. 5-7, Plate XLI.; these deflectors 
answer an important purpose in this class of boilers. 

Referring to figs. 5-7, &g. 5 is a plan of a tube with the 
deflector inserted in it ; fig. 6 is a sectional elevation, and 
fig. 7 a sectional plan made by the plan a a, fig. 6 ; the tube 
E projects a little beyond the top of the cover plate h. The 
deflector F has a conical body c, with three projecting 
feathers e...e which fit the inner surface of the tube; the 
top /is mushroom-shaped, as shown in fig. 6. The screwed 
stud g is used for the purpose of fixing and taking out the 
deflector from its tube. The tubes are cylindrical in the 
straight part, but in the curved conical, the smallest diameter 
being at h where they are fixed into the shell of the fire-box. 
The object of this tapering of the tubes is to increase the 
velocity of the water in its circulation through the tubes and 
boiler ; this velocity is so great in these boilers, that if the 
deflectors are removed, the water would spring up like a 
fountain and cause priming; to obviate this troublesome 
evil, common in vertical boilers these patent deflectors are 
employed. The water rising in the tubes impinges upon the 
lower curved surfaces of the deflectors, which changes the 
direction of the flow, and causes the water to spread out over 
the top of the crown plate into the body of water in the 
boiler, and thus the mixture of the water with the steam is 
prevented. The tubes E...E, as shown in figs. 3 and 4, 
spring from the shell of the fire-box at about 1 foot above 
the fire-box bars G...G, and proceed towards the centre of 
the fire-box. They then diverge a little from this extreme 
position, and are inclined outwards throughout their remain- 
ing length. They are so arranged as to take up and disperse 
among themselves the heat arising from the fire beneath. 
The fire-box G...G rests upon a portion of the bed plate, and 
below the bars forms the ash pan A. 

2 z 
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Another important feature in tbis boiler is the baffle plcUe 
H, which is suspended by a rod I at the entrance of the 
funnel ; the heat rising up in the space formed by the inner 
surfaces of the tubes impinges upon this baffle plate, and is 
deflected by it upon the tubes E...E; thus utilising heat 
that would thus be lost by keeping it longer in contact with 
the tubes. The position of the baffle plate can be altered so 
as to regulate the draught; this variation in position is 
effected by the lever m, figs. 1 and 2, one end being attached 
to the rod I of the baffle plate, and the other to the rod n, 
the lower part of which is screwed, and passes through a 
nut in the hand wheel o. Hand wheel o is carried by a 
bracket K, through the boss of which passes the screwed 
part of the rod n. 

Outside the outer shell A of the boiler there is a lining of 
felt Ii, and outside the whole a sheet-iron covering M ; the 
object of the felt is to economise heat by reducing the radia- 
tion. Outside the sheet-iron covering are four hoop-iron 
bands ^...^ for binding the whole together. 

874. II. Bed Plate Pumps, etc. — The bed plate B, shown 
ftt the bottoms of figs. 1, 2, and 3, is a cast-iron box fi:ume, 
upon which rests the boiler and engine. It has an opening 
under the furnace door. The central portion A forms the 
ashpan and bearings for the fire-bars G. Hound the ashpan 
the bed plate forms a tank C for the feed water which is 
forced into the boiler by the pump D (bottom D), figs. 1 
and 2. In fig. 1 is shown a feed-water heater E con- 
nected to the pump, a section of these is shown in Plate 
XXXIX.; in the same Plate the heater is omitted, as the 
boilers are fitted both with and without the heaters. The 
pump is shown in section in figs. 8-11, Plate XXXIX., upon 
the Plate it is stated distinctly where the four sections are 
taken. The main casting D is connected to the tank C and 
bed plate E by bolts a... a; it consists of a barrel F, in which 
works a plunger G, and of water passages and valves. The 
plunger is worked by an eccentric H, fig. 1, keyed on the 
crank shaft D ; the eccentric rod b is forked, and fits the 
end c of the plunger, figs. 9-11, the two are connected by a 
pin d. The upper portion of the barrel F is of larger dia- 
meter than the lower, and forms a space for the paclang and 
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gland e, which is maintained in position by the studs and 
nuts//! On the right of the plunger, ^g. 9, is the water 
passage g leading from the strainer h, through which the 
water enters for the tank; in the upper portion above the 
strainer is a valve k resting on its seat I, This valve, like 
the other two m and n, is triangular in section, and has three 
feathers, as shown at n, fig. 8, but is conical where it fits upon 
the valve seat I, the top terminates in a guard or pin o. 

In the upper portion of the valve chamber is fixed a plug 
j>, against which the valve strikes each time the plunger 
ascends, when the pin o prevents it rising too high. The 
passage g is open to the barrel of the pump, and is in con- 
nection with another q, in the upper portion of which is 
fixed a valve and valve seat m. . .m^; from this valve chamber 
proceed two passages r and «, the former communicating 
with the cock ty through which passes the overflow, and the 
latter with the valve chamber w, by means of the valve n, 
and hence by a pipe with the boiler. The modified form of 
this pump, with its connected feed heater, will be noticed 
presently. The plugs p^ p^j p^^ are of equal diameter, and 
of such a size that the valve seat and valve may be inserted 
through the openings, which they afterwards close. The 
lift of the valves is the space between the top of the pins 
and the bottoms of p, p^, and p^. At the upper stroke of 
the plunger G the valve h rises in its seat, owing to decrease 
of pneumatic pressure in passage g, and water passes through 
the strainer into space F below the plunger; when the 
plunger descends it presses on the water in F, which pres- 
sure is transmitted to the top of k^ and forces it down, and 
so prevents the water returning ; and to the bottoms of w 
and n, when m is lifted, the water may either pass to the 
boiler by way of passage w, or, if not required, by way of r, 
to the overflow cock f , and so into the tank again. The cock 
t is opened by means of a key inserted through the hole ty 

375. The Patent Feed-water Heater E is shown in sec- 
tion, fig. 317. It consists of a cylindrical receptacle k^ about 
one-fifth of which is separated from the rest by a perforated 
diaphragm w of brass ; immediately below the diaphragm is 
the inlet a for the exhaust steam, which is conveved from 
the engine by the pipe L. A pipe M, provided with a 
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cock K, forms a coanectioQ between the apace abore tho 
diaphitigm and the overflow water passage r c^ the pnmp. 
Upon the top of the cylinder K, and communicating with it 
by the opening y, there is an air ressel O ; the bottom of the 
cylinder is in communication by the opening « with the 
tank C of the bed plate. When the pump is not required 
for supplying feed water to the boiler, the cook I in the p^)e 
L (fig. I) is closed, and the cock N between the heater and 
the pump opened ; the feed water then passeB from the tank 
through the pump into the heater above the diaphragm w 




Fig 317 
through which it falls m a hne shower meeting the exhaust 
steam from the inlet x the water condenses the steam, and 
falls to the bottom of the t^lmdncal receptacle mto the 
tank, to be again pumped up, either to the boiler or the 
heater, and so on. The air vessel o equalises the flow of the 
water through the diaphragm; this is necessary, as the 
pump is only single-acting. A portion only of the exhaust 
steam is used in the feed-water heater, the i«st passes up the 
funnel to create a draught. 
J76. in. The Eiisiae.— Figs, land 2, Plate XXXYUL 
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and Plates XL. and XLI. The engine is a non-condensing 
one, with inverted cylinder attached to the boiler. The 
general arrangement of the engine is shown in figs. 1 and 2 
(III), and on Plates XL. and XLI. are details of parts. 
The cylinder A is bolted to the shell of the boiler by the 
bolts a... a; its centre line, as seen in fig. 2, is a little in- 
clined, so as to allow clearance for the crank B and connect- 
ing rod C. The crank shaft D is supported in bearings E 
and E, which are carried by the brackets F, F; these 
brackets are connected to the shell of the boiler by bolts 
b...b, A stay rod G is fixed between the cylinder and the 
left-hand bracket ; it is connected to a lug on the bottom of 
the cylinder by a nut, while the other end enters a boss in 
the bracket. The cylinder is provided with a steam chest K, 
in which are the valves worked by the eccentrics Y and Z ; 
the steam chest, as well as the cylinder, is lagged, to prevent 
radiation. On the right, and attached to the steam chest, is 
the gearing V, connecting the throttle and starting valves, 
and above this is the governor O. The end of the piston- 
rod Pj, outside the cylinder, is connected to a cross head Q, 
the two being fastened together by a cotter. The cross head 
is forked to receive one end of the connecting rod C. Through 
the cross head and connecting rod end passes a pin, each end 
of which fits in blocks R ; each block fits between two slide 
bars S S j these slide bars are suitably fastened to the cylin- 
der cover and to the bracket T bolted to the boiler. A fly- 
wheel TJ is keyed on the crank shaft. The cylinder is 9 
inches internal diameter; the stroke is 12 inches. The crank 
makes 125 revolutions per minute. 

377. Cylinder and Slide Valves are shown in more detail 
in figs. 13-15, Plate XL. Fig. 13 is a sectional elevation 
made by the plane /3, j3, ^g, 2, or a^ a^, ^g, 14, which is a 
sectional plane made by the plane kk, fig. 13, while ^g, 15 is 
a sectional plane made by the plane XX, fig. 13. The cylinder 
A, steam chest K, and connecting framing B, is in one cast- 
ing. At each end of the cylinder is a flange a, upon which 
are fitted the covers. The top one D, and also the bottom 
one, are attached by the studs and nuts b...h. The lower 
one has a stuffing box E and piece F, to which the slide bars 
S' S are attached. A gland is placed at d. The piston-rod, 
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where it fits in the piaton, is conical, and is screved to 
receive a nnt e. It will be seen that the piston is formed of 
two cast-iron platea Q and H, each with a boss ; the boss / 
of the plate Q has its end tiimed smaller thaii the other 
part, and fits a corresponding recess in boss g of plate H, 
BO that there is a fixed and defioito space betwe^i H and G, 
in which are fitted two cast-iron rings A and k, of a varying 
thickness, as best seen in fig. 11. The rings are cut dia- 
gonallj- at the smallest sections I and L, and are so arranged 
that if lines be drawn from I and l^ to the centre of the cylin- 
der they are at right angles. Owing to the form of Uiese 
rings they act as spiings, and press against the surface of the 
cylinder, making the piston steam-tight. The cylinder is 
provided with the usu^ ports L and M, communicating with 
the top and bottom of the cylinder by means of the passages 
Jjy and M^, and also with an exhaust port N; this port is in 
connection with an nutlet Kj, fig. 14, which, in its turn, is 
connected with the exhaust pipe L and Q, one going to the 
heater, the other to the funnel. 




Fig 318 Fig 319 

In the lower portion of the steam chest are two stuffing 
boxes m and n, with glands tit^ and tij, through which the 
valve rods pass. It is plainly seen in the figures how the 
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valve rods are attached to the valves; the nut r is to regulate 
the position of the expansion valve Q. Both valve rods have 
forked ends, by which they are attached to the valve connect- 
ing rods Oj and q^, ^g. 1, which ai-e attached to the eccentrics Y 
and Z ; the eccentric Y has an eccentricity of 1 J inches, and 
therefore a throw of 2J", while Z has a throw of 3". The 
eccentric Z is loose upon the crank shaft, and is attached to 
a plate R^ by a bolt and nut s ; this plate is keyed to the 
crank shaft, and as the eccentric is attached to it, the motion 
of the crank shaft is communicated to it by the plate E^. 
The eccentric Z moves the cut-oflf or expansion valve Q, 
according to the position of the eccentric upon the crank 
shaft ; the cut-off is regulated by changing the position of 
the eccentric Z with respect to the fixed plate Rj. In the 
plate Rj there are either two or more holes ^^ t, or a circular 
slot 1 1, shown in dotted lines; in one of these holes, or in the 
slot, fits the bolt 8, and by changing the position of this bolt 
the eccentric Z is changed. 

By the arrangement just described the steam can be cut 
off when from ^ to f of the stroke has been accomplished. 

The valve O is an ordinary slide valve with the usual 
port u, and, in addition, there are the two ports v and w^ 
which pass through the valve to its other face, upon which 
works the cut-off valve Q. In fig. 13 the valves O and Q 
are seen in their mean position, which is not the exact position 
for the piston shown in the same figure. 

378. Connecting Bod. — This rod is shown in detail in , 
figs. 19 and 20, Plate XL. It consists of a rod circular in 
cross section, and slightly tapered towards the ends A and 
E. The end A is attached to the crank B, and the end E to 
cross head Q by the pin R. The end A has two loose steps 
or brasses a and 5, which are attached to it by the strap F, 
this strap being fastened to the end of the rod by the bolts 
c c and nuts d d. At the lower end of the strap is a boss e, 
through which passes a set screw/, the end of which presses 
against a disc g, which in turn bears against the bottom step 
h ; by turning the set screw / the portion of the step h can 
be raised to allow for wear ; the set screw is locked by the 
nut h. Within a space k is fixed the oil-cup G, in which is 
placed the oil for lubricating the crank bearings. The end 
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E is provided with brasses I and m, which are mounted in 
position by the strap H, which is kept in its place by a gib 
and cotter n and o, the cotter being driven farther through 
the slots as the brasses wear. In this end is a slot p, 
against o;ie end of which the cotter bears, while in the strap 
are two slots q and q, against which the gib bears. If the 
cotter be driven in the direction shown by the arrow, the 
step moves in the direction indicated by arrow s, and thus 
the steps are brought together. 

379. IV. The aovemor, Starting and Throttle Valve 

are shown in Plate XLI., figs. 21-23. Fig. 21 is an elevation 
taken in the direction of the arrow in fig. 1, Plate XXXVIII.; 
fig. 22 is a sectional elevation made by the plane y y, &g, 21; 
and fig. 23 is a sectional plan made by the plane fi /k. 

The frame A of the governor is fixed upon the top of the 
casting V, which contains the slide valves; this casting also 
forms the cover for the steam chest, with which it commimi- 
cates. In the lower portion E of this casting, is fixed the 
starting valve B, fig. 23; the valve is circular, with a passage a 
occupying nearly three-quarters of its circumference ; this is 
in communication with the steam passage b, which in turn 
communicates with X in the cylinder casting, fig. 15, and 
hence by the opening x with the boiler. In the position 
shown in fig. 23, the valve B closes the opening c, which 
connects the throttle valve C, fig. 22, with the cylinder F, 
in which it works; the valve B is turned about its axis, and 
the passage c opened, so as to allow the steam to pass to the 
throttle valve, by turning the valve rod r, which is attached 
to rod 8, fig. 1. The lower end of the rod 8 passes through 
the starting handle y into the bracket W, the top portion of 
which forms a plate upon which y works. On each side 
of the handle y there is a stop t, which regulates the opening 
and closing of the valve; the upper portion of the rod r 
passes through a gland d and stuffing box e. The steam 
passage c, fig. 22, opens into a chamber/, which forms the lower 
portion of the barrel F, in which works the throttle valve C; 
the chamber /and barrel F are in connection. The valve C 
has two circular plates g and A, which are connected by the 
spindle k ; above each plate is a free passage for the steam, 
except just where the feathers I and I are (in the figure the 
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section plane passes through these feathers). The valve is 
full open in the position shown, so that the steam passes 
through the openings in the lower portion of the valve into 
the chamber Fj, through the opening D into the steam chest 
K; at the same time the upper portion is filled with steam, 
which presses upon the top of the plate h, so that the valve 
is in equilibrium, or nearly so. The valve C is suspended 
by the rod m, where it enters the upper portion of the 
spindle of the valve, and is fixed to it by a pin i ; this valve 
rod passes through a stuflSng box n and gland n^ in the 
lower part of the governor frame A ; it terminates in a collar 
m in the hollow socket o. In the upper part of the socket 
fits one end of a spindle p, the two being connected by a pin. 
Surrounding the spindle p and socket o is a hollow spindle G, 
the lower end of which fits in a boss H of the frames; about 
the middle of the spindle is a collar q, and above this are 
two grooves r^ and r^, through which passes a pin p.. This 
pin also passes through the weight L and the spindle p, so 
that as the weight L rises or falls (it is shown in the figure 
at its lowest point), it raises or lowers the spindle jt?, and 
with it the valve C. The hollow portion of the spindle G 
terminates a little above the tops of the grooves r^ r^, it is 
then solid to the end, except where the slot «j is. The collar 
q rests upon a bush t, which fits in the boss M of the frame A. 
In the slot «j, in the centre line y y, are fixed two levers N 
and N, centred at O, on a pin that passes through the spindle 
G ; these levers have curved arms u and w of a parabolic 
form, upon which rests the dead weight L; the ends of these 
levers terminate in spheres or governor balls Q Q. The 
object of the dead weight L is to correct the variation in the 
centrifugal force of the governor balls. Below the boss M, 
and keyed to the spindle G, there is a mitre bevel wheel R, 
in gear with a similar one S, keyed to the spindle T. The 
spindle is carried by a bearing U, which forms part of the 
frame; a pulley v is attached to the outer end of this spindle. 
The motion of the crank shaft D is transmitted from the 
pulley w, fig. 1, by the strap Wi to the pulley v, and then to 
the mitre wheels S and R, and as R is fixed on the spindle G, 
that revolves, and with it the weight L and governor balls 
Q and Q. and the spindle p and socket o. This governor is 
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arranged to make 250 revolutions per minute. Variations 
above or below that speed cause the spindle G and its attach- 
ment to rise or fall, and move the valve so that the steam 
passage F is more or less open or closed, and the amount of 
steam admitted to the steam chest is properly regulated. 
The rod m is made small because it does not revolve, but only 
acts in a lateral direction, as a rod or pillar, to open or close 
the throttle valve. As the engine increases its speed, the balls 
fly open through centrifugal force, and the arms or cams u u 
act immediately on the weight, and as the arms of the governor 
rise, the leverage of the weight L increases on these small 
cams u u; this weight is so arranged as to stop all ** racing.'' 

380. Bobertson's Valveless Engines. — Plate XXIV. 
gives two views of this interesting engine, or rather donkey 
pump, with details of the cylinder (fig. 3) and piston (figs. 
4-8), showing the peculiar arrangement by which the steam 
is admitted to the cylinder to drive the piston up and down, 
and how it passes to the exhaust. The piston itself regulates 
the passage of the steam to and from the cylinder, and cuts 
off the steam instantaneously at any point of the stroke; the 
exhaust passage is kept full open for nearly the entire length 
of the stroke. 

Figs. 1 and 2 'are external elevations of the pumps entire; 
fig. 3 is a sectional elevation of the steam cylinder, showing 
the steam and exhaust ports in the piston and cylinder. 
Fig. 4 is an external elevation of the steam piston, showing 
the inlet ports adapted to cut off the steam at about half-stroke. 
Fig. 5 is an elevation of the opposite side to that shown 
in fig. 4 ; it shows the exhaust ports in the piston, which are 
full open for nearly the whole length of the stroke. Fig. 6 
is the piston in cross-section at the middle, while fig. 7 is an 
end view of the same. Fig. 8 is an end view of tiie crank 
j)in driver, which is shown in section at D at the bottom of 
fig. 4, with the brasses and portion of the crank pin; without 
a careful study of this part, the student will not understand 
how rotation is communicate:^ to the fly wheeL An external 
side elevation of this crank pin driver is seen at A in the 
lower middle part of fig. 1 . The pump has two valve chests 
(inlet and outlet) B and C. 

381 Appleby's 4 H.-P. Horizontal High Pressure Engine 
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— Plates XXV. -XXVIII. — The engine is of 4 horse-power 
nominal, horizontal dii'ect-acting, and fitted with expansion 
gear, feed pump, and governors. 

882. Steam Cylinder. — The steam cylinder has the usual 
three ports, is bored 6" internal diameter, and of sufficient 
length for a stroke of 12''. The slide jacket is cast to the 
cylinder. Provision is made in the cylinder casting for 
flanged steam and exhaust pipes, cylinder waste cocks, lubri- 
cators, and indicator cocks, and also for carrying the lagging 
round the cylinder and the slide jacket. The back cover is 
recessed into the cylinder, the ends of the cylinder being 
enlarged for the purpose of reboring the cylinder when 
required. The cover is turned bright on the outside and 
recessed for the piston nut, and bolted to the cylinder by six 
I" studs with case-hardened nuts. The front cylinder cover 
is cast to the bed plate of the engine. The slide jacket cover 
has a faced joint, while the outside of the cover is strengthened 
with cross ribs and bolted to the valve box by ten ^" studs 
and nuts. The stuffing boxes for the main valve and expan- 
sion valve are cast to the slide jacket, and fitted with oval 
gun-metal glands. 

383. Piston. — The piston has a single ring ^^ thick, 
divided into three parts, with brass tongue and steel spring. 
It is fitted on to the piston-rod with a taper and ^" nut. 
The piston-rod is of Bessemer steel 1^" diameter (see Plate 
XXVII. 

384. Crosshead. — The crosshead is of wrought-iron, bored 
to receive the piston-rod, and slotted to take a brass or step 
for the crosshead pin ; the wear of these brasses being taken 
up by taper cotter fitted with lock nuts on the top end. 
The slippers of the crosshead are of gun-metal fitted with 
adjustable screws and locks, as shown in the detail drawing, 
Plate XXVn. 

386. Connecting Bod. — The connecting rod is 2 ft. 2 in. 
from centre to centre, tapered ; the crosshead end is forked 
and bored to I'eceive a 1" diameter pin. The crank pin end 
is fitted with gun-metal bearing. 

386. Disc and Crank Pin or Crank Plate.-— The disc 

cariying the crank pin is of cast-iron turned bright, it is 1 ft. 
4 in. (Uameter by 2 in. thick, and is fitted with wrought- 
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iron crank pin turned in the bearing, and is keyed into the 
crank shaft with sunk steel key. 

387. Crank Shaft — The crank shaft is of wrought-iron, 
2J in. diameter, 3 ft. from centre to centre of the bearing«L 
The bearings are of hard gun-metal fitted into angle blocks, 
one being cast to the bed plate of the engine, and the other 
made suitable for fixing on to a stone block or into a wall 
box. The guides are fitted with lubricators. 

388. Eccentric Shafts, Straps, Etc. — The eccentric shafts 
are of cast-iron, truly turned on the face and between the 
flanges. The main valve eccentric shafts being keyed to the 
crank shaft, and the expansion eccentric sheave is loose on 
the crank shaft, the position can be adjusted to the main 
eccentric by a concentric slot in it, and stud and lock nut ; 
the two eccentric sheaves being indexed together to show the 
point of cut off with the valves. The eccentric straps are of 
gun-metal fitted with lu bricatona. The eccentric rods are one 
inch diameter at the centre. The valve rods are of steel, 
fitted with slotted female screw ends, and are f-in. diameter 
where they pass through glands, and 1 in. diameter at the 
joint ends. This enlarged portion working in a double gun- 
metal guide, as shown in Plate XXVII. 

389. Governors. — ^The governors run at a high speed, the 
throttle valve being formed by a piston attached direct to the 
spindle of the governors. The stop valve forms the casing 
for the throttle valve, and also the stand for the governors. 
The governors are driven by a light strap and bevel wheels 
from a pulley on the crank shaft of the engine, Plate XXV. 

390. Pump. — The pump is in one casting, with the valve 
seats, passages, etc., formed in it. The plunger is worked 
from the expansion eccentric, and has a stroke of 2 in., 
Plate XXV. 

391. Ply Wheel.— The fly wheel is 4 ft. 6 in. diameter, 
turned on face, edges, and boss, being keyed to the crank with 
a sunk steel key. The bed-plate, guides, front cylinder cover, 
and main block, are in one large casting, the guides being 
planed to receive the crosshead slippers; the bottom guide 
forming an oil channel ; the front cover is faced to receive 
the cylinder, which is bolted up to it. The bed plate is one 
foot in depth from the centre of the engine by one foot one 
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inch wide, and lugs are provided for six |-in. holding-down 
bolts; and facings are provided for receiving the pump and 
the slide valve guide bracket, Plate XXV., etc. 

While the student is referred to Plates XXYI.-XXVIII. 
for the details, Plate XXV. will give the general parts. The 
same letters point out the same pieces in figs. 1-3. A is the 
governor ; B the starting gear ; C y the steam cylinder ; G 
the guides, between which work the slide block S B ; is 
the connecting rod; and D the drum or pulley to actuate the 
governor by means of the pulley p and a belt. P is a large 
pulley to drive any piece of mechanism, such as the double 
action pumps, Plate XLVIII. F is the fly wheel, and P the 
pumps to supply water for the boilers, etc. 

892. Appleby's Pair of 6-in. Double-acting Pumps — 
Plate XLVIII. — The pumps have two vertical barrels A 
and B, each double-acting, driven from a double set of 
gear C, D, carried by a central column E bolted to the 
bed plates F, the same bed plate also carrying the pumps ; 
the column is placed in connection with the pumps to 
form an air vessel for them. Each pump is 6-in. diameter, 
with a stroke of 12 in., double-acting, with gun-metal 
fittings, the guards are of gridiron shape, with india- 
rubber discs. The whole of the valves, guard, etc., can be 
removed and readily replaced, as seen at G, one cover on 
the valve box giving access to the whole of the four valves. 
The suction and delivery pipes are H and I. The connecting 
rods are of wrought-iron, forked at crosshead end and at the 
crank pin end, as seen at J. The guides K to the top of the 
piston-rod is formed by a casting and stays attached to the 
column. The wheel and pinion at C and D have teeth in 
the proportion of about 6 to 1, the teeth being formed by 
means of the odontograph ; the larger wheels are employed 
as discs, having the crank pin fixed at the proper radius for 
driving the pumps. The fast and loose driving pulleys L and 
M are 2 ft. diameter by 4J wide. The column or air vessel 
is of cast-iron, 8 in. diameter at base, by 6 in. diameter at 
top, with J-in. thickness of metal, the top cover is formed 
by the pedestal of the bracket carrying the crank and pinion 
shaft The whole is worked by two belts passing over the 
pulleys L and M. 
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Alominmm bronze, 126. 
Angle of obliqaity, 251. 
Angle, aliding, 117. 
AngaUr velocity, 88. 
Apparatus, drawing, 9. 
Appleby's pamps, 865. 

„ horizontal engine, 862. 

„ double action pumps, 365. 
Apple wood, 127. 
Arc of oootact, 242. 
Ash, 127. 
Axis, neutral, 109. 

Babbit's metal, 126. 
Back-lash of teeth, 258, 257. 
Beams and girder^ strength of, 109. 
Bearings, 91, 165. 

„ footstep, ITL 
Bending strength, 109. 
Bevel wheels, 202, 204, 217, 259, 264. 

„ in gear, to draw, 207. 

Bolts and nuts, 128. 

„ strength of, 134. 
Bolt and cotter, 136. 
Boring machine, 829. 
Box coupling, 174. 
Brass, 125. 
Bronze, 125. 
Bushes, 166. 
Butt box coupling, 173. 
Butt Joint, single rivets. 145. 

Camb, 197. 

Cantilever, 118. 

Cast-iron, 120. 

Chain, riveted joint, 145. 

Change wheels, 828. 

Chilled castings, 122. 

Chipping piece, 132. 

Chord, 15. 

Circle circumference, 14. 

Circular pitch, 192. 

Claw coupling, 176. 

Clement's driver, 321. 

Clutches, 173, 176. 

Clutch V. coupling, 179. 

Co-eflScient of friction, 1 1 5. 

Collars and necks of shafts, 154. 

Comparative motion, 86. 

Cone clutch, 178. 

Cone, defined, 70. 

„ development, 81. 

„ intersection with cylinder, 77 

„ „ prism, 78. 

„ projection, 70. 

,, keys, 160. 
Connecting rod, 99, 100, 140, 359, 363. 
„ end, 152. 






Contact rolling, etc., 95. 
„ approaching. 241. 
„ receding, 241. 
Copper, 124. 
Cotter, 186. 
Couples, 103. 
Couplings, 173. 
Crab, 127. 
Crank, 100. 
„ pin, 363. 
„ shaft, 364. 
Crosshead, 863. [128. 

Crushing and compressive strength, 106, 
Curvature, radius of, 215. 
Curves, 19. 

„ for teeth of wheels, 244. 
Cycloid, 44. 
Cydoidal teeth, 240. 
Cylinder, defined, 68, 100, 863. 
developed 130. 
intersection, 74-77. 
projection, 68. 
sections of, 69. 

Davy-Paxman engine, 852. 

„ governor, 360. 

Dead head. 122. 
Deflection of shafts, 157. 
Development of surfaces, 79. 
Diametral pitch, 194. 
Diagonal s^es, 23. 
Disc, 363. 

„ coupling, 175. 
Double action pump, 365. 
Drawing apparatus, 9. 

angles, 18. 

first lines, 25. 

forge, 339. 

Unes, 17, 20. 

paper, 10. 

I>arallel Unes, 17. 

pins, 11. 

screw and thread, 188. 

to scale, 20. 
Drifting holes, 147. 
Drills, 815. 
Driver and follower, 85, 94. 

Eccentric, 99, 299, 358, 364. 

„ wheels, 222, 224. 
Elasticity, Umit of, 105. 
Mevation, 58. 
Elliptical wheels, 222, 224. 
Ellipse, 42, 43, 69, 71. 
Elm, 127. 

Engines, Davy Faxman, 352. 
Epicycloid, 46. * 

Equivalents of an inch, 13. 
Extension, 109. 
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Flange coupling, 175. 
Flanged wheels, 278. 
Fly wheel, 364. 
Feedwater heater, 355. 
Follower, 86. 
Footsteps, 170. 
Footstep bearings, 171. 
Force, 101. 
Forge drawings, 839. 
Frame, 85. 

Friction, 101, 114, 118. 
Frictional gearing, 282. 

Gear, in and out of, 190. 
Geometrical problems, 27-41. 
Gibs and cotters, 150. 
Girders, 112, 149. 
Glands, 172. 
Governor, 860, 364. 
Grooving machine, 303. 
Ground line, 52. 
Guides, 168. 
Gun metal, 126. 

Hammer, steam, 842. 
Half-lap box coupling, 174. 
Helical curves, 179. 

I motion, 91-92. 

., toothed wheels, 208. 
Holes, punched and drilled, 147. 
HoUy, 127. 
Hook's gearing, 279. 
Horizontal engine, 362. 
„ plane, 50. 
„ surfadng machine, 82D. 
Hornbeam, 127. 
Horse-power, 102. 
Hunting cog, 235. 
Hyperbola, 73. 
Hypocydoid, 47. 

Inch, 12. 

India rubber, 11. 

Intersections of solids, 74. 

„ cone and cylinders. 78. 

Instruments, 9. 
Involute of circle, 44. 
„ teeth, 251. 
Iron, 120. 

Journals, 155. 

Keys, 158, 

,, dimensions of, 163. 
Kinds of motion, 84. 

Lap joint, single rivets, 143. 
„ double rivets, 143. 
Lathe, 317. 
Laws of friction, 116. 
Lignum vitse, 127. 
Limiting angle of resistance, 117. 
Limit of elasticity, 105. 
Line, ground, 52. 

„ traces of, 64. 

„ projection of, 51, 53. 



Lines, 17, 20. 

Link work, 95, 98. 

Load, 104, 

Lobed wheels, 228, 231. 

Lock nuts, 134. 

Logarithmic spiral, 226. 

Malleable cast-iron, 122. 

„ iron, 122. 
Machine tools, 302. 
Mitre bevel wheels, 205. 
Modulus of a machine, 102. 
Moments, 103. 
Mortice wheels, 277. 
Motion, 84. 

„ block, 168. 

„ comparative 86. 

,, rectilinear, 86. 

„ transmission of, 93. 
Moulds, 19. 

Neutral axis, 109. 
Normal pitch, 214, 254. 
Notation and signs, 16. 
Nuts, 131. 
„ for square threads, 187, 

Oak 127. 

Odontograph, 259, 266. 
Oil cup, 359. 

Pai)er, drawing, 10. 
Parabola, 72. 
Pedestal blocks, 170. 
Pencils, 10. 

Penetration of solids, 74. 
Perimetral velocity, 87. 
Permanent set, 105. 
Pinion spur, 268. 
Piston, 363. 
Pitch of teeth, 198, 214. 

,, circle, 189. 

„ line, 189. 

„ of rivets, 142, 144. 

„ of screw, 186, 192. 

,, surface, 189. 
Pivots, 117. 
Plain scale, 22. 
Plan, defined, 49, 50. 
Plane figure, projection of, 55. 
Planes of projection, 50. 

„ », extension of, 62. 

„ traces of, 66. 
Plummer block, 170. 
Point, projection of, 50-52. 
Projection, 49, 61. 

„ planes of, 50. 
„ of a pair of wheels, 219. 
Protractor, 18. 
Pumps, 365. 

Rack and pinion, 201. 258, 260. 
Radius of curvature, 215. 
Rectilinear motion, 86. 
Rivets, 141. 
„ pitch, 142. 
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RiTeted Joints, strength of, 146. 

„ stractores, 149. 
Robertson's frictional gearing, 2S2. 

▼alveless engine, 362. 

wedge keys, 164. 
Rolling contact, 95. 
Rotating pieces, 90. 
Rotation, 87, 89, 92. 

Safe load. 104 
Scales, 20, 22, 23. 
Screws, 181, 185. 
Bcrew curves, 179. 
„ motion, 91. 
„ pitch of, 186. 

„ right and left handed, 180-182. 
„ thread, 188. 
„ toothed wheels, 208. 
„ wheels in gear, 283-287. 
Section, 58-60. 
„ of cone, 71. 
„ of cylinder, 69. 
Self-acting feed motion, 818. 
Set screws, 189. 
„ squares, 9-17. 
Shafting, 153-155. 

„ strength of, 156. 
Shearing strength, 107. 
Skew bevel wheels, 217. 
Sleeves, 166. 
Slide blocks, 168. 

„ and screw cutting lathe, 318. 
Slides, WiUon's, 349. 
Sliding angle, 117. 
„ contact, 95, 96. 
„ keys, 162. 
Slot drilling, 316. 

„ machine, 803. 

Smith's work, 339. 
Solid, projection of, 55. 

„ trace of, 66. 
Sphere, defined, 67. 

„ projected, 67. 
Spur wheel and pinion in gear, 261. 
Spur wheels, 190-259. 

construction of, 197. 
external, 190, 263. 
internal, 191, 263. 
outline drawing, 196. 
Square-threaded screw, 185. 
Standard, English, 11. 
„ French, 13. 
Staking, 160. 
Steady pins, 140. 
Steam hammer, 842. 
Steel, 123. 
Stepped teeth, 280. 
Straight translation, 86. 
Strain, 101. 
Stress, 101. 
Strength, 104. 

„ of materials, 120. 
,, of teeth, 273. 
8tad, or Bind bolt, 187. 
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Stuffing box, 172. 

Sunk keys, 160. 

Surface, development of, 69. 

Surfacing machine, 339. 

Teeth, involute form of, 251. 
Teeth of wheels, 239. 

,; „ angle of obliquity, 251. 

„ „ curves for, 244. 

„ of spur wheels, 269. 

„ of racks, 270. 

„ stepped, 280. 

„ strength of, 273. 

„ pitch of, 198. 

„ to draw, 196, 201. 
Templates, 19, 184, 292. 
Tensile strength, 105, 109, 128. 
Throttle valve, 360. 
Throw of eccentric, 299. 
Timber in construction, 127. 
Torsional stiffness, 108. 
„ strength, 107. 
Traces, 64. 

Transmission of motion, 93. 
Transverse strain, 109. 
Treadle, 45. 
Trochoid, 45. 
T-square, 9, 17. 

Ultimate strength, 104. 

Valveless engine, 362. 
Velocity, 84. 

„ angular, 88. 

„ perimetral, 87. 

,, ratio of rotating pieoes, 90. 
Vertical plane, 50. 
V-threaded screws, 182. 185. 

Water heater, 855. 

Wedge and groove clutch. 177. 

„ coupling, 176. 

Wedge keys, 164. 
Wheels, bevel, 202, 217, 264. 

change, 328. 

lobed, 228. 

mortice, 277. 

screw in gear, 283. 

spur, 190-196. 

teeth of, 239. 

worm, 295. 

in pairs, 233. 

in train, 236. 
Whitworth's screw thread, 183. 
WiUow, 127. 
Wilson's sUdes, 849. 
Work, 101, 102. 
Working load, 104. 
Worm and worm wheels, 216. 

„ „ in gear, 296. 

Wrapping contact, 95, 97. 
Wrought-iron, 122. 

Zig-zag riveting, 143. 
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